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ABSTRACT
I n  t h i s  r e s e a r c h  a  m a t h e m a t i c a l  m o d e l  v a s  d e v e l o p e d  
t o  d e s c r i b e  t h e  d y n a m i c s  o f  a  f i x e d - b e d  a d s o r p t i o n  
c o l u m n  o p e r a t i n g  u n d e r  n o n - i s o t h e r m a l  c o n d i t i o n s .  The  
m o d e l  w as  s o l v e d  u s i n g  n u m e r i c a l  m e t h o d s  w h i c h  w e r e  
p r o g r a m m e d  i n  F o r t r a n  IV c o m p u t e r  l a n g u a g e .  C o m p u t e d  
r e s u l t s  w e r e  c o m p a r e d  t o  e x p e r i m e n t a l  r e s u l t s  i n  t h e  
f o r m  o f  g a s  p h a s e  c o n c e n t r a t i o n  b r e a k t h r o u g h  c u r v e s .
T he  m a t h e m a t i c a l  m o d e l  w as  d e r i v e d  f o r  t h e  a d s o r p t i o n  
o f  a  s i n g l e  c o m p o n e n t  f r o m  a n  i n e r t  c a r r i e r  g a s  o n t o  a 
s o l i d  a d s o r b e n t .  T h e  m o d e l  c o n s i d e r e d  tw o  r e s i s t a n c e s  
t o  m a s s  t r a n a f e r — t h e  e x t e r n a l  s u r f a c e  f i l m  r e s i s t a n c e  
a n d  t h e  r e s i s t a n c e  t o  d i f f u s i o n  w i t h i n  t h e  a d s o r b e n t  
p a r t i c l e .  The  i n t r a p a r t i c l e  r e s i s t a n c e  was  d e s c r i b e d  b y  
a n  e f f e c t i v e  d i f f u s i v i t y  i n  w h i c h  s e p a r a t e  p o r e  a n d  
s u r f a c e  c o n t r i b u t i o n s  w e r e  combined. O t h e r  s i m p l i f y i n g
a s s u m p t i o n s  i n c l u d e d  r e s t r i c t i o n  t o  a s m a l l  c h a n g e  i n  
a d s o r b a t e  c o n c e n t r a t i o n ,  c o n s t a n t  p h y s i c a l  p r o p e r t i e s ,  
a n d  n e g l e c t  o f  r a d i a l  t e m p e r a t u r e  a n d  c o n c e n t r a t i o n  
g r a d i e n t s .  H e a t  l o s s e s  t h r o u g h  t h e  w a l l  w e r e  c o n s i d e r e d ,  
h o w e v e r .
ix
T h e  m o d e l  c o n s i s t e d  o f  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
d e s c r i b i n g  t h e  b u l k  g a s  p h a s e  m a t e r i a l  b a l a n c e ,  t h e  e q u a t i o n  
o f  c o n t i n u i t y  f o r  a d s o r b a t e  w i t h i n  t h e  s o l i d  p h a s e ,  a n d  
t h e  g a s  a n d  B o l i d  p h a s e  e n e r g y  b a l a n c e s . The  t r a n s f e r  r a t e  
e q u a t i o n  v a s  b a s e d  o n  a  m o d i f i e d  g a s  f i l m  m a s s  t r a n s f e r  
c o e f f i c i e n t  a n d  a  s o l i d  p h a s e  d r i v i n g  f o r c e .  A n o n - l i n e a r  
i s o t h e r m  o f  t h e  F r e u n d l i c h  t y p e  w as  u s e d .
An a n a l y t i c a l  s o l u t i o n  t o  t h e  s o l i d  p h a s e  c o n t i n u i t y  
e q u a t i o n  a n d  t r a n s f e r  r a t e  e q u a t i o n  was  c o m b i n e d  w i t h  t h e  
r e m a i n i n g  p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  a n d  t h e  s o l u t i o n  
o b t a i n e d  n u m e r i c a l l y .  J t  w as  f e l t  t h a t  u s e  o f  t h e  a n a l y t i ­
c a l  r e s u l t  r e d u c e d  c o m p u t e r  t i m e  r e q u i r e m e n t s  b y  e l i m i n a t i n g  
i t e r a t i v e  p r o c e d u r e s  f o r  p o i n t s  w i t h i n  a  s o l i d  a d s o r b e n t  
p a r t i c l e .  T h e  a c c u r a c y  o f  t h e  n u m e r i c a l  r e s u l t s  was  
e s t a b l i s h e d  b y  c o m p a r i n g  a n a l y t i c a l  s o l u t i o n s  f r o m  t h e  
l i t e r a t u r e  t o  c o m p u t e d  s o l u t i o n s  f o r  l i m i t i n g  c a s e s .
E x p e r i m e n t a l  d a t a  w e r e  o b t a i n e d  f o r  t h e  a d s o r p t i o n  o f  
e t h a n e  f r o m  n i t r o g e n  on a c t i v a t e d  c a r b o n .  Gas  p h a s e  
c o n c e n t r a t i o n  a n d  b e d  t e m p e r a t u r e  w e r e  o b t a i n e d  a t  s e v e r a l  
p o i n t s  w i t h i n  t h e  b e d  a s  w e l l  a s  a t  t h e  o u t l e t .  T e m p e r a t u r e  
r i s e s  o f  f r o m  8 - l U ° F .  w e r e  o b t a i n e d .
By c h o o s i n g  a  c h a r a c t e r i s t i c  t i m e  f o r  t h e  s y s t e m ,  
t h e  c o m p u t e d  a n d  e x p e r i m e n t a l  b r e a k t h r o u g h  c u r v e s  w e r e  
c o m p a r e d  o n  a d i m e n s i o n l e s s  p l o t  o f  gaB p h a s e  c o n c e n t r a t i o n
v e r s u s  e l a p s e d  t i m e .  I t  w as  p o s s i b l e  t o  c h o o s e  a v a l u e  
o f  t h e  c h a r a c t e r i s t i c  t i m e  s u c h  t h a t  t h e  c o m p u t e d  r e s u l t s  
a c c u r a t e l y  r e p r o d u c e d  t h e  s h a p e  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  a t  s e v e r a l  b e d  d e p t h s  f o r  a l l  r u n s .  S i n c e  t h e  
c h a r a c t e r i s t i c  t i m e  w as  a  f u n c t i o n  o n l y  o f  t h e  e f f e c t i v e  
d i f f u s i v i t y  a n d  p a r t i c l e  d i a m e t e r ,  t h e  e f f e c t i v e  d i f f u -  
s i v i t y  v a s  d e t e r m i n e d  t o  h a v e  a  c o n s t a n t  v a l u e ,  a s  




F ixed-bed  a d s o r p t i o n  i s  a  p r o c e s s  w id e ly  used in  I n d u s t r y  fo r  
o p e r a t i o n s  such a s  gas d r y i n g ,  r e c o v e ry  o f  h y d ro c a rb o n s ,  gas  p u r i f i ­
c a t i o n ,  s o l v e n t  r e c o v e r y ,  and p u r i f i c a t i o n  o f  p h a r m a c e u t i c a l  p r o d u c t s .  
A d s o rp t io n  on f ix e d  beds i s  an  I n h e r e n t l y  u n s t e a d y - s t a t e  o p e r a t i o n  and 
as  such i s  more d i f f i c u l t  t o  t r e a t  m a t h e m a t i c a l l y  th an  many o f  the
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more f a m i l i a r  s t e a d y - s t a t e  u n i t  o p e r a t i o n s .
O p e r a t i o n  o f  f ix e d  beds  r e q u i r e s  p e r i o d i c  r e g e n e r a t i o n  as  the  
c a p a c i t y  o f  the  s o l i d  f o r  the  m a t e r i a l  b e in g  r e co v e re d  i s  app roached .  
Of i n t e r e s t  in  d e t e r m in in g  r e g e n e r a t i o n  r e q u i re m e n t s  i s  the  b r e a k ­
th rough  t im e .  Th is  i s  th e  amount o f  t ime e l a p s e d  a f t e r  feed  i s  s t a r t ­
ed t o  the  bed u n t i l  th e  c o n c e n t r a t i o n  o f  a g iven  component r e a c h e s  a 
p re d e te rm in e d  l e v e l .  I f  t h e  component i s  an i m p u r i t y ,  th e  l e v e l  would 
be d e te rm in e d  by th e  s p e c i f i c a t i o n s  f o r  th e  maximum c o n c e n t r a t i o n  o f  
t h a t  component.  When the  adso rbed  component i s  th e  d e s i r e d  p r o d u c t ,  
knowledge o f  b re a k th ro u g h  i s  n e c e s s a r y  t o  p r e v e n t  th row ing  p ro d u c t  
away. Also o f  i n t e r e s t  i s  th e  c a p a c i t y  o f  the  bed a t  b re a k th ro u g h  as  
t h i s  h a s  a b e a r i n g  on the  economics  o f  a g iv en  o p e r a t i o n .
I n  s t u d i e s  o f  f i x e d - b e d  a d s o r p t i o n ,  b re a k th ro u g h  i s  u s u a l l y  d e ­
s c r i b e d  by means o f  a  b re a k th ro u g h  c u r v e .  Th is  i s  a graph o r  p l o t  o f  
th e  f l u i d  phase  c o n c e n t r a t i o n  o f  th e  component b e in g  a d so rb ed  v e r su s
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t ime a t  a g iv e n  p o s i t i o n  in  the  bed o r  a t  t h e  o u t l e t .  The dynamics o f  
f ix e d - b e d  a d s o r p t i o n  I s  concerned  w i th  th e  movement o f  t h i s  c u r v e ,  o r  
wave, th rough  th e  bed because  t h i s  d e te rm in e s  b r e a k th ro u g h  t i m e s .  Xn 
n o n - i s o t h e r m a l  o p e r a t i o n  t h e r e  i s  a l s o  a t e m p e ra tu re  wave which p a s se s  
th ro u g h  th e  bed .  I f  the  a d s o r b a t e  c o n c e n t r a t i o n  o f  th e  s o l i d  phase 
cou ld  be measured d y n a m ic a l ly ,  i t  would be n o t i c e d  t h a t  a  s o l i d  phase 
c o n c e n t r a t i o n  wave i s  a l s o  formed.
T h is  r e s e a r c h  i s  concerned  w i th  t h e  dynamics o f  a f i x e d - b e d ,  
n o n - i s o t h e r m a l  a d s o r p t i o n  sys tem .  I t  i s  proposed  to  d eve lop  a mathe­
m a t i c a l  model i n v o l v i n g  two mass t r a n s f e r  r e s i s t a n c e s - - l n t r a p a r t i c l e  
and e x t e r n a l  f i l m  d i f f u s i o n - - a n d  a n o n - l i n e a r  i s o th e r m .  A num er ica l  
s o l u t i o n  to  t h e  model w i l l  be o b t a i n e d .  R e s u l t s  w i l l  be computed f o r  
gas  and s o l i d  phase  c o n c e n t r a t i o n s  and t e m p e r a t u r e s ,  hence c o n t a i n i n g  
th e  r e q u i r e d  i n fo r m a t io n  f o r  p l o t t i n g  b r e a k th ro u g h  c u r v e s .  They w i l l  
be compared t o  a n a l y t i c a l  s o l u t i o n s  t h a t  a r e  a v a i l a b l e  f o r  c e r t a i n  
l i m i t i n g  c a s e s .  The computed s o l u t i o n s  w i l l  a l s o  be compared t o  ex­
p e r i m e n ta l  d a t a  t o  be g a th e r e d  on wave movement th rough  a  l a b o r a t o r y  
a d s o r b e r .
One f e a t u r e  o f  t h i s  r e s e a r c h ,  which i s  f e l t  t o  be u n iq u e ,  i s  the  
u se  o f  an a n a l y t i c a l  s o l u t i o n  f o r  th e  c o n c e n t r a t i o n  w i t h i n  an a d s o rb e n t  
p a r t i c l e  combined w i th  a n u m e r ic a l  s o l u t i o n  f o r  the  g e n e r a l  sys tem  o f  
e q u a t i o n s .  T h is  shou ld  e l i m i n a t e  th e  need f o r  an i t e r a t i v e  t e c h n iq u e  
f o r  i n t r a p a r t i c l e  c o n c e n t r a t i o n  a t  each bed l e v e l .  D i r e c t l o n a l l y , t h i s  
r e d u ce s  com pu ta t ion  t ime which i s  a h i g h l y  d e s i r a b l e  r e s u l t .
The body o f  s c i e n t i f i c  l i t e r a t u r e  c o n t a i n s  a  l a r g e  amount o f  I n f o r ­
m a t ion  on f i x e d - b e d  a d s o r p t i o n  and th e  r e l a t e d  f i e l d s  o f  chromatography
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and io n  exchange .  Of t h a t  p o r t i o n  which d e a l a  w i th  th e  dynamics o f  
such p r o c e s s e s ,  much o f  t h e  i n fo r m a t io n  d e a l s  w i th  s p e c i a l  s i t u a t i o n s  
such as  i s o t h e r m a l  o p e r a t i o n  and l i n e a r  i s o t h e r m s ,  f o r  example .  For  
c e r t a i n  c a s e s  s u b j e c t  t o  t h e s e  and o t h e r  r e s t r i c t i o n s  i t  has  been 
p o s s i b l e  to  o b t a i n  a n a l y t i c a l  s o l u t i o n s  t o  t h e  systems o f  d i f f e r e n t i a l  
e q u a t i o n s  d e s c r i b i n g  th e  p r o c e s s .
D i s c u s s in g  developm ents  r e l a t e d  t o  I so th e rm a l  o p e r a t i o n  f i r s t ,  
th e  s i m p l e s t  model r e l a t i n g  t o  dynamics  i s  t h e  e q u i l i b r i u m  approach
g
ta k e n  by De V au l t .  T h is  assumes t h a t  t h e r e  a r e  no l i m i t i n g  r e s i s ­
t a n c e s  t o  mass t r a n s f e r  and ,  h e n c e ,  t h a t  b re a k th ro u g h  t im es  a r e  governed
by th e  e q u i l i b r i u m  c a p a c i t y  o f  the s o l i d .  That  i s  to  s a y ,  e q u i l i b r i u m
14i s  a t t a i n e d  i n s t a n t a n e o u s l y .  G leuckauf  used  t h i s  in  a p p ly in g  t h e o ­
r e t i c a l  p l a t e  c o n c e p t s  to  chromatography.
30A s i n g l e  r e s i s t a n c e  case  was c o n s id e re d  by Thomas t a k i n g  a r e ­
a c t i o n  k i n e t i c s  approach  to  the  r e l a t i o n s h i p  between f l u i d  and s o l i d  
phase c o n c e n t r a t i o n s .  H i e s t e r  and Vermeulen ^  ex tended  t h i s  i d e a ,
p o i n t i n g  o u t  th e  r e l a t i o n  between d i f f u s i o n  and k i n e t i c s .  Hougen and 
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M ars h a l l  so lv ed  th e  case  where e x t e r n a l  f i l m  d i f f u s i o n  was the  con­
t r o l l i n g  r e s i s t a n c e  assuming a l i n e a r  i s o th e r m .  The s o l u t i o n s  were i n
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terms o f  B es se l  f u n c t i o n s  and s i m i l a r  to  t h o s e  by A n ze l lu s  f o r  the
a n a la g o u s  h e a t  t r a n s f e r  case  o f  a f i x e d - b e d  r e g e n e r a t o r .  The same
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r e s u l t s  f o r  th e  h e a t  t r a n s f e r  case  were o b t a in e d  by Schumann and
ex tended  by Furnas  ^  i n  th e  form o f  c o n v e n ie n t  c h a r t s .
S o l u t i o n s  l e a d i n g  to  b re a k th ro u g h  c u rv e s  have been o b t a in e d  f o r  
the c a s e  where i n t e r n a l  d i f f u s i o n  i s  the  r a t e  c o n t r o l l i n g  s t e p  by
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Thomas, Edesk u ty  and Amundson, and Rosen. These s o l u t i o n s  t ak e
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the  form o f  I n f i n i t e  I n t e g r a l s .  J u ry  and L i c h t  g iv e  a g e n e r a l i z e d  
s o l u t i o n  which a p p l i e s  t o  t h r e e  d i f f e r e n t  s i n g l e  r e s i s t a n c e  c a s e s .
The c a s e s  c o n s id e re d  a r e  a c t i v a t e d  d i f f u s i o n  th rough  a l a t t i c e  s t r u c ­
t u r e ,  d i f f u s i o n  i n  l a r g e  p o r e s ,  and e x t e r n a l  f i l m  d i f f u s i o n .  A l l  o f  
th e  above a r e  based  on a l i n e a r  i s o th e r m .
More complex, i s  th e  case  where two r e s i s t a n c e s  t o  a d s o r b a t e
26
t r a n s f e r  e x i s t .  Rosen o b t a i n e d  an a n a l y t i c a l  s o l u t i o n  f o r  th e  case
where b o th  i n t e r n a l  d i f f u s i o n  and e x t e r n a l  d i f f u s i o n  c o n t r o l  w i th  a
l i n e a r  i s o th e r m .  Numerica l  methods f o r  e v a l u a t i n g  th e  i n f i n i t e  i n t e -
27g r a l s  o b t a i n e d  f o r  th e  above c ase  were p r e s e n t e d  by Rosen. The 
n u m er ica l  r e s u l t s  were g iv e n  in  the  form o f  c h a r t s  in  te rms o f  param­
e t e r s  r e l a t i n g  i n t e r n a l  and e x t e r n a l  d i f f u s i o n  c o e f f i c i e n t s  and bed
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l e n g th  to  th e  c o n c e n t r a t i o n  h i s t o r y .  Morton n u m e r ic a l ly  so lved  the
case where i n t e r n a l  and e x t e r n a l  d i f f u s i o n  c o n t r o l l e d  f o r  s p e c i a l i z e d
boundary c o n d i t i o n s  a p p l i c a b l e  t o  l i q u i d  phase  a d s o r p t i o n .  I t  was t h e s e
boundary c o n d i t i o n s  and a  g e n e r a l i z e d  i s o th e r m  which made an a n a l y t i c a l
s o l u t i o n  i m p o s s i b l e .  Computa t ion  t imes  were from one to  e i g h t  hours
on an IBM 7040 com puter .
The t h r e e - r e s i s t a n c e  c a s e ,  b e in g  even more complex, h a s  r e c e iv e d
20l i t t l e  t r e a t m e n t ,  Masamune and Smith p r e s e n t  a s o l u t i o n  f o r  the  
c a se  where e x t e r n a l  d i f f u s i o n ,  i n t e r n a l  d i f f u s i o n ,  and s u r f a c e  a d s o rp ­
t i o n  r a t e s  a r e  a l l  c o n t r o l l i n g .  They a l s o  g iv e  s o l u t i o n s  to  t h r e e  
t w o - r e s i s t a n c e  c a s e s .  The r e s u l t s  a r e  l i m i t e d  to  a  l i n e a r  i s o th e r m .
Compared to  i s o t h e r m a l  a d s o r p t i o n ,  r e l a t i v e l y  l i t t l e  work has  
been p r e s e n t e d  on a d i a b a t i c ,  o r  more g e n e r a l l y ,  n o n - i s o th e r m a l  a d s o rp ­
t i o n .  Acr ivos^  p r e s e n t s  t h e  e q u a t i o n s  f o r  an a d i a b a t i c  c a s e  and
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d i s c u s s e s  t h e i r  s o l u t i o n  u s i n g  th e  method o f  c h a r a c t e r i s t i c s .  I n  an
28
a r t i c l e  on the  d r y in g  o f  a i r  o v e r  a c t i v a t e d  a lu m in a ,  S a n l a v i l l e
p r e s e n t s  e q u a t i o n s  f o r  a d i a b a t i c  a d s o r p t i o n ,  b u t  o n ly  d i s c u s s e s  t h e i r
s o l u t i o n  in  a d e s c r i p t i v e  manner.  An e m p i r i c a l  c o r r e l a t i o n  o f  a d l a -
13 19b a t l c  b e h a v i o r  i s  g iv e n  by G e t ty  and A rm strong  L o e c h e l t  p r e s e n t s  
a g e n e r a l  t r e a t m e n t  o f  the  n o n - i s o t h e r m a l  case  f o r  a  n o n - l i n e a r  i s o ­
therm .  One r e s i s t a n c e ,  e x t e r n a l  f i l m  r e s i s t a n c e ,  i s  c o n s i d e r e d .  The 
model c o n t a i n s  no r e s t r i c t i o n s  on a d s o r b a t e  c o n c e n t r a t i o n s  in  the  feed
to  t h e  bed .  The s o l u t i o n  was o b ta in e d  n u m e r i c a l l y .  A c o n s t a n t - p a t t e r n
25t r e a t m e n t  f o r  one r e s i s t a n c e  i s  p r e s e n t e d  by Pan and Basm ad j lan .
The most complete  t r e a t m e n t  to  a p p e a r  i n  t h e  l i t e r a t u r e  i s  t h a t  
21o f  Meyer and Weber, The model i s  based  on two r e s i s t a n c e s  t o  mass 
t r a n s f e r - - i n t r a p a r t i c l e  and e x t e r n a l  f i lm  r e s i s t a n c e .  The h e a t  s i n k  
e f f e c t  o f  the  v e s s e l  w a l l  and h e a t  l o s s  t o  th e  s u r r o u n d in g s  a r e  con­
s i d e r e d .  The t e m p e r a tu re  g r a d i e n t  w i t h i n  a s o l i d  p a r t i c l e  i s  even 
i n c l u d e d .  The s o l u t i o n  was o b t a i n e d  n u m e r i c a l ly  w i th  a computer  t ime 
r e q u i re m e n t  o f  ab o u t  two h o u r s  on an IBM 7044, The agreement  between 
c a l c u l a t i o n  a n d  ex p e r im en t  was s a t i s f a c t o r y  a l t h o u g h  the  e x p e r i m e n t a l  
b r e a k th ro u g h  curve  was much s t e e p e r  th an  t h a t  c a l c u l a t e d .
Th is  t h en  r e p r e s e n t s  the  c o n t e x t  in  which t h i s  r e s e a r c h  was con­
d u c t e d .  A l a r g e  amount o f  work h a s  a p p ea red  in  the  l i t e r a t u r e  f o r  
I s o th e r m a l  c a s e s  w i th  l i n e a r  i s o th e rm s  f o r  which a n a l y t i c a l  s o l u t i o n s  
can be found .  The a d v e n t  o f  h ig h  speed computers  i s  p e r m i t t i n g  s o l u t i o n  
o f  more i n c l u s i v e  p ro b le m s .  The t r e a t m e n t  o f  n o n - i s o t h e r m a l  systems 
i s  b e g in n in g  t o  r e c e i v e  more a t t e n t i o n ,  a l t h o u g h  a t l l l  l e s s  th a n  f o r  
c o n s t a n t  t e m p e r a tu r e  c a s e s .
CHAPTER II
THEORY
1. I n t r o d u c t i o n
In  t h i s  c h a p t e r  a m a th em a t ic a l  model w i l l  be deve loped  f o r  a non-
i so  th e rm a l  f i x e d - b e d  a d s o r p t i o n  sy s tem .  The model w i l l  c o n s id e r  two
r e s i s t a n c e s  t o  mass t r a n s f e r  and w i l l  be w r i t t e n  f o r  a g e n e r a l i z e d
n o n - l i n e a r  i s o t h e r m .  S e v e r a l  s i m p l i f y i n g  as su m p t io n s  w i l l  be made.
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These w i l l  be summarized i n  t h i s  s e c t i o n  and c l e a r l y  I n d i c a t e d  when 
th e y  a p p e a r .
The model w i l l  be deve loped  by d e r i v i n g  t h e  m a t e r i a l  and energy  
b a l a n c e s  on a d i f f e r e n t i a l  segment o f  th e  bed in  te rms  o f  p a r t i a l  d e ­
r i v a t i v e s .  To s i m p l i f y  th e  boundary  c o n d i t i o n s  and th e  p r e s e n t a t i o n  
o f  r e s u l t s ,  t h e s e  e q u a t i o n s  w i l l  be n o n -d lm e n s io n a l i z e d  w i th  r e s p e c t  
to  the  dependent  and ind ep en d en t  v a r i a b l e s .
The r e s i s t a n c e s  t o  mass t r a n s f e r  t h a t  w i l l  be c o n s id e re d  a r e  the  
e x t e r n a l  s u r f a c e  f i l m  r e s i s t a n c e  and th e  r e s i s t a n c e  t o  d i f f u s i o n  w i t h i n  
th e  a d s o rb e n t  p a r t i c l e .  The e x t e r n a l  s u r f a c e  f i l m  r e s i s t a n c e  i s  assumed 
to  be a gas f i l m  r e s i s t a n c e .  However,  th e  d r i v i n g  f o rc e  i s  to  be in  
te rms  o f  s o l i d  phase  c o n c e n t r a t i o n s  to  pe rm it  an a n a l y t i c a l  s o l u t i o n  
to  be u s e d .  The use  o f  s o l i d  phase  i n s t e a d  o f  gas  phase  c o n c e n t r a t i o n s  
to  e x p re s s  th e  d r i v i n g  f o r c e  w i l l  r e q u i r e  t h a t  t h e  u s u a l  gas  f i l m  mass 
t r a n s f e r  c o e f f i c i e n t  be m o d i f i e d .  For a n o n - i s o t h e r m a l  sys tem  w i th  a
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n o n - l i n e a r  I so th e rm ,  i t  w i l l  be n e c e s s a r y  t o  s e l e c t  a s u i t a b l e  av erage  
f o r  the  mass t r a n s f e r  c o e f f i c i e n t  based  on a s o l i d  phase  d r i v i n g  f o r c e .  
I n t r a p a r t i c l e  d i f f u s i o n  i s  assumed t o  be d e s c r i b e d  by P i c k ' s  Second 
Law o f  D i f f u s i o n  w i th  an a v e rag e  p a r t i c l e  d i f f u s i o n  c o e f f i c i e n t  t h a t  
i s  independen t  o f  t ime and p o s i t i o n  i n  the  bed .  An a n a l y t i c a l  s o l u t i o n  
to  the  p a i r  o f  e q u a t i o n s  r e l a t i n g  f i l m  t r a n s f e r  and i n t e r n a l  d i f f u s i o n  
w i l l  be u t i l i z e d  in  th e  development  o f  t h e  m a th e m a t ic a l  model .  The 
s e p a r a t e  e f f e c t s  o f  pore  and s u r f a c e  d i f f u s i o n  a r e  no t  c o n s i d e r e d .
A t h i r d  form o f  r e s i s t a n c e  sometimes c o n s i d e r e d ,  s u r f a c e  r e a c t i o n ,  
i s  n e g l e c t e d .
The feed  to  th e  column c o n t a i n s  o n ly  one a d s o r b a b le  component and 
i s  o f  c o n s t a n t  c o m p o s i t i o n .  The bed i s  I n i t i a l l y  u n i fo r m ly  lo a d e d .
Plug f low through  th e  bed i s  assumed.  T h is  means t h e r e  a r e  no r a d i a l  
v e l o c i t y  o r  c o n c e n t r a t i o n  g r a d i e n t s  in  the  f l u i d .  A d d i t i o n a l l y ,  
l o n g i t u d i n a l  d i f f u s i o n  o f  mass and h e a t  i n  t h e  f l u i d  a r e  n e g l e c t e d  
as  b e ing  sm al l  in  comparison to  t h e  c o n v e c t iv e  f l u x .  These a r e  common 
a ssu m p t io n s  and no t  s e v e r e l y  l i m i t i n g .  In  t h i s  same c a t e g o r y  a r e  t h e  
a s su m p t io n s  t h a t  t h e  column c r o s s  s e c t i o n a l  a r e a ,  s p e c i f i c  a r e a  o f  the  
w a l l ,  b u lk  d e n s i t y  o f  th e  a d s o r b e n t ,  s p e c i f i c  s u r f a c e  o f  th e  a d s o r b e n t ,  
and f r a c t i o n a l  void  volume o f  th e  pack ing  a r e  no t  f u n c t i o n s  o f  t ime o r  
p o s i t i o n  in  the  bed .
More r e s t r i c t i v e  a r e  the  a s sum pt ions  o f  c o n s t a n t  mass v e l o c i t y  
and d e n s i t y  o f  the  f l u i d  p h a se .  The former  im p l ie s  a  d i l u t e  s o l u t i o n  
o r  a sm al l  change in  a d s o r b a t e  c o n c e n t r a t i o n .  The l a t t e r  c a r r i e s  the  
same i m p l i c a t i o n s  p lu s  th e  a s su m p t io n  t h a t  t h e  p r e s s u r e  and t e m p e r a tu r e  
do no t  change enough t o  a f f e c t  t h e  d e n s i t y  m arked ly .
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I t  w i l l  be assumed t h a t  t h e r e  a r e  no t e m p e ra tu re  g r a d i e n t s  w i t h ­
in  an a d s o rb e n t  p a r t i c l e .  Axia l  c o n d u c t io n  In the  s o l i d  w i l l  a l s o  be
n e g l e c t e d .  The l a t t e r  a s sum pt ion  i s  commonly made. The former  e f f e c t
21h a s  been c o n s id e re d  by Meyer and Weber, b u t  i t s  n e g l e c t  I s  no t  con­
s i d e r e d  a  s e r i o u s  o m iss io n  h e r e .
The h e a t  o f  a d s o r p t i o n ,  the  s p e c i f i c  h e a t  o f  the  f l u i d  p h a se ,  and 
the  s p e c i f i c  h e a t  o f  th e  s o l i d  and condensed phases  a r e  c o n s id e re d  
to  be c o n s t a n t .  I t  i s  known t h a t  th e  h e a t  o f  a d s o r p t i o n  v a r i e s  w i th  
th e  a d s o r b a t e  c o n t e n t ,  as  do the s p e c i f i c  h e a t s .  However,  w i th  th e  
p r i o r  r e s t r i c t i o n s  t o  d i l u t e  s o l u t i o n s  the  use  o f  a v e rag e  v a lu e s  i s  
f e l t  t o  be s a t i s f a c t o r y .  ’
The a s su m p t io n s  to  be made and t h e i r  im pl ied  r e s t r i c t i o n s  may be 
c o n s id e re d  h i n d r a n c e s  to  th e  a p p l i c a b i l i t y  o f  the  model b e in g  d e v e lo p e d .  
In  many c a s e s  where a d s o r p t i o n  i s  u s e d ,  however ,  th e  f l u i d  may be 
d i l u t e  in  th e  a d s o rb a b le  component.  Wherf t h i s  i s  n o t  th e  c a s e ,  i t  
may s t i l l  be p o s s i b l e  to  ap p ly  the  model by u s in g  a p p r o p r i a t e  a v e ra g e s  
o f  v a r i a b l e  q u a n t i t i e s  and p r o p e r t i e s .
2.  M a te r i a l  Balance E q u a t io n s
C o n s id e r  a gas  w i th  one a d s o rb a b le  component f low ing  th rough  a 
long t u b u l a r  column packed w i th  a s o l i d  g r a n u l a r  a d s o r b e n t ,  where
y ■ a d s o r b a t e  c o n c e n t r a t i o n  of  g a s ,  l b .  a d s o r b a t e /  
t o t a l  l b ,  gas .
2
G “ t o t a l  mass v e l o c i t y  o f  g a s ,  l b , / ( f t .  ) ( h r . ) .
w -  av e rag e  a d s o r b a t e  c o n t e n t  o f  s o l i d ,  l b .  a d s o r b a t e /
l b .  a d s o r b e n t .
z “  d i s t a n c e  a long  bed ,  f t .
t  “  t im e ,  h r .
3 -  b u lk  d e n s i t y  o f  s o l i d ,  l b .  a d s o r b e n t / f t . .
2
A ■ c r o s s  s e c t i o n a l  a r e a  o f  bed ,  f t .  .
C ■ f r a c t i o n a l  void  volume.
3
PG -  gas  d e n s i t y ,  l b . / f t .  .
The u n i t s  on th e  q u a n t i t i e s  l i s t e d  above a r e  i l l u s t r a t i v e  o n l y .  Any 
s e t  o f  c o n s i s t e n t  u n i t s  may be u s e d .
In  g e n e r a l ,  th e  fo l l o w in g  e q u a t io n  e x p r e s s e s  th e  r e l a t i o n s h i p s  
between conse rved  q u a n t i t i e s  in  a c o n t r o l  volume:
Rate  In  - Rate  Out *■ Rate  o f  Accumula t ion  (2-1)
Applying e q u a t i o n  (2-1)  to  the  a d s o rb a b le  component in  a bed segment
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o f  l e n g th  dz ,  g i v e s  the  fo l lo w in g :
GyA - [GyA 4- (GyA) d z ] (pAwdz) 4 (ACpGydz) (2 -2 )
f '
Rate A dsorba te
*  ̂
Rate Adsorba te





Rate  A dso rba te  
Accumula tes  on 
S o l id
Rate  A d s o r b a t e ’ 
Accumulates  in  
Void Space
I t  i s  v a l i d  to  assume t h a t  A, 3, and £ a r e  c o n s t a n t  w i th  r e s p e c t  t o  z 
and t .  With t h e s e  a s su m p t io n s ,  a f t e r  c a n c e l i n g  l i k e  t e rm s ,  and t a k i n g  
th e  i n d i c a t e d  d e r i v a t i v e s ,  t h e  f o l l o w i n g  e q u a t io n  r e s u l t s :
-y - G f *3 dz dz
dw , G , dy
B d^ +  < y  d T + f p G a t ( 2 -3 )
The f o l lo w in g  assum pt ions  l i m i t  th e  v a l i d i t y  o f  th e  e v e n t u a l  
s o l u t i o n  to  a d i l u t e  s t r e a m ,  o r  one where t h e  change in  a d s o r b a t e  
c o n c e n t r a t i o n  o f  t h e  gas  i s  s m a l l .  However,  t h i s  l i m i t a t i o n  i s
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r e a s o n a b l e  f o r  many s i t u a t i o n s  where a d s o r p t i o n  I s  a  v i a b l e  p r o c e s s .
i  - 0 <2-4>
dpg
a T  -  0 <2- 5>
S u b s t i t u t i n g  e q u a t io n s  ( 2 - 4 ,  2-5)  i n t o  e q u a t i o n  (2 -3 )  y i e l d s ,  a f t e r  
some r e a r r a n g e m e n t ,
dz G d t  G d t  u
E q u a t io n  (2 -6 )  i s  t h e  e q u a t i o n  o f  c o n t i n u i t y  f o r  th e  a d s o r b a b l e  com­
p o n en t  i n  t h e  c o n t r o l  volume.
T
By making p r o p e r l y  chosen t r a n s f o r m a t i o n s  o f  t h e  ind ep en d en t  
v a r i a b l e s ,  d y / d t  can be e l i m i n a t e d  from e q u a t i o n  ( 2 - 6 ) .  The t r a n s ­
formed v a r i a b l e s  a r e  d e f in e d  a s  fo l lo w s :
z « z (2 -7 )
t  = t  -  y z ( 2- 8 )
S in c e  y * y ( z ,  t) , a c c o r d in g  t o  th e  r u l e s  o f  p a r t i a l  d i f f e r e n t i a t i o n
£ L -  f ♦  £  • S  <2- 9>
f l  -  - y  ( 2- 10)
± t  (2-11)at dT at  ̂ }
and
f t  -  1 ( 2- 12)
The s u b s t i t u t i o n  o f  e q u a t i o n  (2 -10 )  i n t o  e q u a t i o n  ( 2 - 9 ) ,  and e q u a t i o n
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( 2- 12) i n t o  e q u a t io n  ( 2 - 11) ,  r e s u l t s  In
(Hr); & • Y I f  (2- 13>
and
$1 .  &
d t  dT (2 -14)
S i m i l a r l y ,  w * w (z ,  t) , t h e r e f o r e ,
o _ 15s
d t  dr  U
Upon s u b s t i t u t i n g  e q u a t i o n s  (2 -1 3 ,  2 -14 ,  and 2-15)  I n t o  e q u a t io n  
( 2- 6) ,  th e  f o l l o w in g  r e s u l t s :
y + l & ’+iOG *1 m 0 ( 2 - i 6)
dz Y dT G d r  C dT K ;
J u d i c i o u s l y  s e l e c t i n g  
€Pr
Y a ~ q (2 -17)
and s u b s t i t u t i n g  i t  i n t o  e q u a t i o n ( 2-L6) y i e l d s  th e  f o l l o w in g  e q u a t io n  
o f  c o n t i n u i t y  i n  te rms o f  th e  t r a n s fo rm e d  v a r i a b l e s :
f  + § I t  - 0 <2- 18>
The t ra n s fo rm e d  t ime v a r i a b l e ,  t ,  r e p r e s e n t s  t h e  t ime l a p s e d  a f t e r  
th e  f e e d ,  which e n t e r e d  th e  f r o n t  o f  t h e  bed a t  t  ■ 0 , r e a c h e s  a 
p o s i t i o n  in  th e  bed ,  z.
The m a t e r i a l  b a l a n c e  on th e  a d s o r b a t e  w i t h i n  an i n d i v i d u a l  p a r t i c l e  
i s  assumed to  be d e s c r i b e d  by F i c k ' s  Second Law o f  D i f f u s i o n .  I t  i s  
f u r t h e r  assumed t h a t  t h e  g r a n u l a r  p a r t i c l e s  a r e  s p h e r i c a l  and t h a t  the  
e f f e c t i v e  d i f f u s i v i t y  i s  c o n s t a n t .  A lso  im p l ied  i s  t h e  a s su m p t io n  
t h a t  I n t r a p a r t i c l e  t r a n s p o r t ,  w h e th e r  pore  o r  s u r f a c e  d i f f u s i o n ,  can
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be d e s c r i b e d  u s in g  an e f f e c t i v e  d i f f u s i v l t y .  With t h e s e  i n  mind, 
th e  e q u a t i o n  o f  c o n t i n u i t y  f o r  a d s o r b a t e  w i t h i n  a  s o l i d  p a r t i c l e  i s  
a s  f o l l o w s :
dw' /  d V  2 dw/ \
dT "  °  \  d r 2 r  dr  / (2 -19)
where
w l o c a l i z e d  adsorbate  content  o f  s o l i d ,  lb .  adsorbate /  
lb .  s o l i d ,  a t  r and t.
r  ■ r a d i a l  p o s i t i o n  w i t h i n  p a r t i c l e ,  f t .
2
D * e f f e c t i v e  d i f f u s i v l t y ,  f t .  / h r .
For a s i n g l e  p a r t i c l e  i n  the  a d s o rb e n t  bed,  t h e  r a t e  o f  t r a n s f e r  
from th e  b u lk  gas  phase  t o  t h e  s u r f a c e  o f  t h e  p a r t i c l e  i s  assumed to  
be governed by th e  f o l l o w in g  r e l a t i o n :
Dp
Ow 





p a r t i c l e  r a d i u s ,  f t .
Pp = p a r t i c l e  d e n s i t y ,  l b . / f t .
2
k_ = mass t r a n s f e r  c o e f f i c i e n t  o f  gas  f i l m ,  lb .  m o l e s / ( h r . ) ( f t .  ) 
°  ( a t m . ) .
Mg = m o le c u la r  w e ig h t  o f  t o t a l  gas s t r e a m ,  l b . / l b .  mole.
IT = t o t a l  p r e s s u r e ,  atm.
•k
y * gas  phase  c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i th  th e  s o l i d
phase  c o n c e n t r a t i o n ,  w ' ,  a t  t h e  s u r f a c e ,  l b .  a d s o r b a t e /  
lb .  gas .
In  e q u a t i o n  ( 2 - 2 0 ) ,  th e  e x p r e s s i o n  on t h e  l e f t  i s  th e  f l u x  a t  th e  s u r ­
f a c e  o f  a p a r t i c l e  a s  g iv en  by P i c k ' s  F i r s t  Law o f  D i f f u s i o n  f o r  t h e
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p a r t i c u l a r  c o n c e n t r a t i o n  u n i t s .  The e x p r e s s i o n  on th e  r i g h t  i s  t h e  
w id e ly  used e x p r e s s i o n  f o r  t h e  f l u x  of  mass t h ro u g h  a  gas  f i l m .  S e t ­
t i n g  t h e  two e q u a l  d e s c r i b e s  t h e  r a t e  o f  t r a n s f e r  o f  a d s o r b e n t  from 
t h e  b u l k  gas  p hase  t o  t h e  s u r f a c e  o f  t h e  a d s o r b e n t  p a r t i c l e .
For  a  d i l u t e  gaa t h e  h e i g h t  o f  a  mass t r a n s f e r  u n i t  may be d e ­
f i n e d  as  fo l lo w s :
HdG kGMG1Ta>
( 2 - 21 )
where
HdG h e i g h t  o f  a  gas  f i l m  mass t r a n s f e r  u n i t ,  f t .
’ 2 , 3s p e c i f i c  s u r f a c e  o f  s o l i d  a d s o r b e n t ,  f t .  / f t .




a H,_p v dGKp
(y -  y ) ( 2 - 22)
r=a
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H^, can  be found u s i n g  th e  methods o f  Gamson, et^. a l . , Wilke and
32
Hougen, and e s p e c i a l l y  f o r  a d s o r p t i o n  t h e  c o r r e l a t i o n s  o f  Hougen 
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and M a r s h a l l .
To make i t  p o s s i b l e  to  u se  an a n a l y t i c a l  s o l u t i o n  t h a t  i s  a v a i l ­
a b l e  f o r  e q u a t i o n s  ( 2 -1 9  and 2 - 2 2 ) ,  i t  i s  n e c e s s a r y  t o  p u t  e q u a t i o n  
( 2 - 22) in  t h e  f o l l o w i n g  form u t i l i z i n g  a  d r i v i n g  f o r c e  based  on s o l i d  
c o n c e n t r a t i o n s :
d r -  a  (w - w' )
r « a
( 2 -2 3 )
where
1U
w* “ s o l i d  phase  c o n c e n t r a t i o n  in  e q u i l i b r i u m  w i th  th e  b u lk  gas 
c o n c e n t r a t i o n ,  y ,  l b .  a d s o r b a t e / l b .  a d s o r b e n t .
a  m m od i f ied  gas f i l m  mass t r a n s f e r  c o e f f i c i e n t  based on a 
s o l i d  phase  d r i v i n g  f o r c e ,  f t . / h r .
From e q u a t i o n s  (2 -22  and 2-23)  i t  can  be seen  t h a t  or must be d e f in e d
a s  f o l lo w s :
a “ n r r  ‘  ̂ <2- 24>
v dG^p (w - w ')
* * .
For a  l i n e a r  i s o th e r m  and i s o t h e r m a l  o p e r a t i o n  (y - y ) / ( w  - w ) i s
j u s t  th e  s lo p e  o f  t h e  i s o t h e r m  and i s  a c o n s t a n t .  The above change in
d r i v i n g  f o r c e  u n i t s  i s  v a l i d .  I f  a n o n - l i n e a r  i so th e rm  a n d / o r  non-
i s o t h e r m a l  c o n d i t i o n s  a r e  in v o lv e d ,  however,  t h e  s lo p e  te rm  i s  n o t  a
c o n s t a n t  b u t  a  f u n c t i o n  o f  y ,  w ' ,  and t h e  s o l i d  phase  t e m p e r a t u r e .  I t
i s  p roposed  t h a t  an a v e r a g e  v a lu e  o f  a  be u sed .  As a f i r s t  approx ima-
★ ★
t i o n  an  av e ra g e  v a lu e  o f  (y -y  ) / ( w  - w ') can be assumed and a  c a l c u l a t e d
from c o r r e l a t i o n s  a v a i l a b l e  f o r  o r
E q u a t io n s  (2 -1 8 ,  2 -19 ,  and 2 - 2 3 ) ,  coupled  w i t h  an e q u i l i b r i u m
*
r e l a t i o n s h i p  between w and y ,
w* -  f ( y )  (2 -2 5 )
d e s c r i b e  the  mass t r a n s f e r  a s p e c t s  o f  th e  model b e in g  dev e lo p ed .  The 
boundary c o n d i t i o n s  f o r  t h e s e  e q u a t i o n s  a r e  as fo l low :  
y =  y^ a t  z  =  0  f o r  a l l  t .
w -  w a t  t  ■ 0 f o r  a l l  z.o
w w  a t  t  ■ 0 f o r  a l l  r  and z .  o
where
y^ ■ c o n c e n t r a t i o n  o f  a d s o r b a t e  in  the  i n l e t  s t r e a m ,  l b .  
a d s o r b a t e / l b .  gas .
w ■ i n i t i a l  a d s o r b a t e  c o n t e n t  o f  bed ,  lb .  a d s o r b a t e / l b .  a d s o r b e n t ,  o ’
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In  o r d e r  t o  o b t a i n  an e v e n t u a l  s o l u t i o n  t h a t  i s  n o t  dependen t  on 
th e  p r o p e r t i e s  o f  a p a r t i c u l a r  sys tem ,  i t  i s  c o n v e n ie n t  t o  non- 
d im e n s io n a l  i z e  e q u a t io n s  (2 -1 8 ,  2 -19 ,  and 2-23)  w i t h  r e g a r d  t o  t h e i r  
Independen t  and dependent  v a r i a b l e s .  L e t
(y^ - y ) ■ c h a r a c t e r i s t i c  gas  phase  c o n c e n t r a t i o n .
(w^ -  wq) -  c h a r a c t e r i s t i c  s o l i d  phase  c o n c e n t r a t i o n .
Lq ■ c h a r a c t e r i s t i c  bed l e n g t h ,  f t .
t ■ c h a r a c t e r i s t i c  time,  hr.o '
a -  c h a r a c t e r i s t i c  p a r t i c l e  r a d i u s ,  f t .  
where w^ and y^ a r e  r e l a t e d  to  y^ and wq , r e s p e c t i v e l y ,  by e q u a t i o n  
( 2 - 2 5 ) .  E q u a t io n  (2 -1 8 )  becomes
(2 -2 6 )
where
(2 -2 7 )
w - w
W - o (2 -2 8 )
(2 -2 9 )
o
9 - (2 -3 0 )
o
E q u a t io n  (2 -1 9 )  becomes
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dw m P t o Zd^w 2 dw\




w ■ w. - w 1 o
(2 -32 )
and
R * — a
E q u a t io n  (2 -2 3 )  becomes
where
dw





w. - w 1 o
-  0
R - l
(2 -3 3 )
(2 -34)
( 2 - 3 5 )
The boundary c o n d i t i o n s  f o r  e q u a t i o n s  (2 -2 6 ,  2 -3 1 ,  and 2-34)  a r e  as
fo l lo w s  In  terms o f  t h e  d im e n s io n le s s  v a r i a b l e s :
Y ■ 1 .0  a t  Z = 0 f o r  a l l  0.
W « 0 a t  0 = 0 f o r  a l l  Z.
w = 0 a t  0 = 0 f o r  a l l  Z and R.
*W = 1 .0  a t  Z = 0 f o r  a l l  0.
An a n a l y t i c a l  s o l u t i o n  e x i s t s  f o r  th e  p a i r  o f  e q u a t io n s  (2 -3 1  and 
2 - 3 4 ) .  To o b t a i n  t h i s  s o l u t i o n  i t  i s  n e c e s s a r y  t o  make th e  fo l l o w in g  
tem pora ry  change o f  v a r i a b l e :
u “ w R (2 -3 6 )
D i f f e r e n t i a t i n g  e q u a t i o n  (2 -36 )  w i t h  r e s p e c t  to  R g iv e s  
dw 1 du u
dR "  R dR ‘ 2 ( '





(2 -3 9 )
S u b s t i t u t i o n  o f  e q u a t i o n s  ( 2 - 3 7 ,  2 -3 8 ,  and 2-39)  i n t o  e q u a t i o n  (2 -31 )
y i e l d s ,  a f t e r  some s i m p l i f i c a t i o n ,
f 0 s  R S 1,
-v Dt /7>2 du _ o f o  u
d0 2 ^ ™ 2 , a dR
u “ 0 a t  0 
f o r  a l l  R.
(2 r4 0 )
I f  e q u a t i o n  (2 -3 7 )  i s  s u b s t i t u t e d  i n t o  e q u a t i o n  ( 2 - 3 4 ) ,  w h i l e  s e t t i n g  
*
W -  1 .0  as  i f  t h e  b u lk  gas  p h a se  c o n c e n t r a t i o n  were c o n s t a n t  a t  
t h e  i n l e t  v a l u e ,  t h e  f o l l o w i n g  e q u a t i o n  r e s u l t s :
( 2 -4 1 )
S e t t i n g  R**1.0 w h erev e r  i t  a p p e a r s  i n  t h e  above e q u a t i o n ,  g iv e s
a t  R -  1 .0  (2 -4 2 )du . acif , , * n—  .  u + 5 -  (u  - 1) -  0
For  s u b s e q u e n t  p u r p o s e s ,  e q u a t i o n  ( 2 -4 2 )  i s  more u s e f u l  when r e a r r a n g e d  
i n t o  t h e  f o l l o w i n g  form:
du
dR +  (r  " l X u  -  S t t )  - 0 • * « - 1 . 0
E q u a t io n s  ( 2 -4 0  and 2-43)  a r e  now a n a lo g o u s  i n  form to  t h e  f o l l o w ­
in g  p a i r  o f  e q u a t i o n s  f o r  t h e  c o n d u c t i o n  o f  h e a t  be tween two p a r a l l e l  
p l a n e s  w i t h  r a d i a t i o n  a t  one s u r f a c e :
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9_v
a t  
a v
K a 2 v a x 1 ( o  x < b ) ( 2 - 1+1+)
3 X + h ( v - V )  = 0 a t  x = b ( 2  — U5)
F o r  t h e  s p e c i a l  c a s e  w h e r e  v i s  I n i t i a l l y  z e r o ,  v a t  x = 0 
i s  m a i n t a i n e d  a t  z e r o  f o r  t  > 0 , a n d  r a d i a t i o n  i s  r e c e i v e d  
a t  x ■ b from a medium at  c o n s t a n t  t e m p e r a t u r e  V, Carslaw  
a n d  J a e g e r 1* p r e s e n t  t h e  f o l l o w i n g  s o l u t i o n  t o  e q u a t i o n s  
( 2-1+1+ a n d  2-1+5 ) :
LVx OT„  *  s i n ( B n x / b ) _________ - 0 j T  ( 2 - U 6 )
b'Tl+LT " 2LVn^x (L V  + 0£) s i n  Bn e
w h e r e  t h e  Bn a r e  t h e  p o s i t i v e  r o o t s  o f
B c o t  B + L = 0




( 2 - 1+8 ) 
(2 -1+9)
T h e  a n a l o g y  b e t w e e n  t h e  d i f f u s i o n  e q u a t i o n s  (2-1+0 a n d  
2 - 1+3 ) a n d  t h e  h e a t  t r a n s f e r  e q u a t i o n s  ( 2 - 1+1+ a n d  2 - 1+5 ) i s  
s h o w n  i n  T a b l e  I .
TABLE I
Di f f u s  i o n H e a t  T r a n s f e r
u V
D l 0 / a 2 K
0 t
R X
{ ( a a / D )  -  1} L
( a a / D )  /  { ( a a / D )  -  1} V
1 b
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R e p l a c i n g  t h e  t e r m s  i n  e q u a t i o n s  ( 2  —U6 a n d  2-1*7) w i t h  t h e  
d i f f u s i o n  a n a l o g s  f r o m  T a b l e  I ,  g i v e s ,  a f t e r  som e  s i m p l i ­
f i c a t i o n ,
I n  a l l  s u b s e q u e n t  d e v e l o p m e n t ,  l e t
D i v i d i n g  b o t h  s i d e s  o f  e q u a t i o n  ( 2 - 5 0 )  b y  R ,  r e c a l l i n g
t h a t  v  = u / R ,  g i v e s  t h e  f o l l o w i n g  r e s u l t :«
- - 1  S t  s l n t g n H) - e n ( s T A] 8
"  R n - 1  t L - l ) + B“ ] s i n  Bn *
To t h i s  p o i n t ,  t q h a s  n o t  b e e n  d e f i n e d .  E q u a t i o n  
( 2 - 5 3 ) c a n  b e  s i m p l i f i e d  b y  s e t t i n g
s i n  ( $ n R )
a n d  8 c o t  8 + -  l j  ■ 0 ( 2 - 5 1 )
o
a 2 1 . 0 ( 2 - 5 U )
S o l v i n g  f o r  TQ g i v e s
a 2
To = d ( 2 - 5 5 )
S u b s t i t u t i o n  o f  e q u a t i o n  (2*54) i n t o  e q u a t io n  (2 -53 )  p roduces
71 ”  8 in  (PnR) -Pn6w .  1 .  Z  ------------------- §--------------  e n (2 -56)
R n -1  [ L ( L - l )  + s i n  3
E q u a t io n  (2 -56 )  g iv e s  t h e  d im e n s io n le s s  a d s o r b a t e  c o n t e n t  w i t h i n  the
*
p a r t i c l e  a s  a f u n c t i o n  o f  R and 6 , under  t h e  a ssum pt ion  t h a t  W " 1 . 0 .
The 3n a r e  g iven  by th e  p o s i t i v e  r o o t s  of
3 c o t  3 + L - 1 ** 0 (2 -57)
The f i r s t  s i x  r o o t s  o f  e q u a t i o n  (2 -57 )  a r e  g iv en  in  Cars law and J a e g e r
f o r  s e l e c t e d  v a lu e s  o f  (L - l , ) ,  and in  Crank^ fo r  s e l e c t e d  v a lu e s  o f
L. A computer program was w r i t t e n  i n  F o r t r a n  IV which c a l c u l a t e s
a d d i t i o n a l  r o o t s ,  i f  d e s i r e d .
In  o r d e r  to  remove the  r e s t r i c t i o n  i n h e r e n t  i n  e q u a t i o n  ( 2 - 5 6 ) ,
3
Duhamel 's  Theorem can be u sed .  One form o f  Duhamel' s  Theorem s t a t e s  
in  e f f e c t ,  t h a t  i f  w -  F(R,9)  i s  th e  s o l u t i o n  t o  th e  c a se  when th e  
f o l l o w in g  two r e s t r i c t i o n s  ap p ly :
1 . w ■ 0 a t  8 ■ 0 .
*
2. The s u r f a c e  i s  exposed t o  a  medium a t  u n i t y  ( i . e .  W " 1 , 0 ) .
t h e n ,  i f  W “ W (9 ) ,
"  “ J*6 W*<x> f e  [*0*.®“ * ) ]  (2 -58 )
The two r e s t r i c t i o n s  above were met i n  d ev e lo p in g  e q u a t i o n  ( 2 - 5 6 ) .
* *
S ince  i t  i s  d e s i r e d  t o  o b t a i n  th e  s o l u t i o n  when W •  W (6 ) ,  e q u a t io n  
(2 -5 8 )  Is  a p p l i c a b l e  and w i l l  be used .
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I f  e q u a t i o n  (2 -5 6 )  I s  s e t  e q u a l  t o  F ( R ,8) ,  then
9T 00 s i n  ( B R )  - ^ ( 9 - X )
F ( R , e - \ )  -  i  -  —  s  ------------------- y --------------  e <2" 59>
n - 1  [ L ( L - l )  + 8* ]  s i n  8n
D i f f e r e n t i a t i n g  e q u a t i o n  (2 -5 9 )  w i th  r e s p e c t  to  6 g lvea
9 P ( R . e - X )  -  B? s i n  ( B  R) - B ^ ( B - X )
—55 r  E — 2----r2  • <2-50>
00 n -1  [ L ( L - l )  + 8 ] s i n  8Kn J Kn
S u b s t i t u t i n g  e q u a t i o n  (2 -60 )  I n t o  e q u a t i o n  (2 -58)  y i e l d s  th e  fo l l o w in g  
r e s u l t  f o r  t h e  d im e n s io n le s s  c o n c e n t r a t i o n  w i t h i n  th e  s o l i d ;
_  .  -  e  s i n  o  r )  9  - 8 * < e - x )  *
w -  2  ---------3--------------------    f  e n W (x)dX (2 -6 1 )
n-1 [ L ( L - l )  + 8 ] s i n  8 J 0 n n
Because th e  v a r i a t i o n  o f  c o n c e n t r a t i o n  w i t h i n  th e  a d s o r b e n t  p a r ­
t i c l e  i s  n o t  o f  p r im ary  i n t e r e s t ,  e q u a t io n  (2 -61)  shou ld  be m odif ied  
t o  g iv e  t h e  a v e ra g e  d i m e n s io n le s s  a d s o r b a t e  c o n t e n t  o f  t h e  s o l i d ,
W. Th is  can be done by i n t e g r a t i n g  w o v e r  th e  e n t i r e  volume o f  t h e  
p a r t i c l e  and then  d i v i d i n g  th e  r e s u l t  by t h e  t o t a l  volume o f  the  
p a r t i c l e .  Thus,
—  1 _  2
W -  w -  3 J w(R)R dR (2 -6 2 )
a v  j  0
S u b s t i t u t i o n  o f  e q u a t i o n  (2 -6 1 )  i n t o  e q u a t i o n  (2 -62 )  y i e l d s ,  a f t e r  p e r ­
forming  t h e  i n t e g r a t i o n  and some s i m p l i f i c a t i o n  o f  t h e  r e s u l t ,
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fiT2 r -P*(®-X) *
w _ 2  -------—---------=• \ e W (X)dX (2 -63 )
n -1  [ L ( L - l )  + 0n ] J o
D i f f e r e n t i a t i n g  e q u a t i o n  (2 -63 )  w i th  r e s p e c t  t o  6 g iv e s
m v 6L2 ** * Pn ( 9 * ^  * CJ\7 Ac ® (X)dX (2-64)
d0 n -1  [ L ( L - l )  + p2 ] d0 J on
The d e r i v a t i v e  o f  th e  i n t e g r a l  e x p r e s s i o n  on the  r i g h t  hand s i d e  o f  
e q u a t io n  (2 -64 )  w i t h  r e s p e c t  t o  I t s  upper  l i m i t ,  u s i n g  L e ib n i t z *
R u le ,  i s  as  fo l lo w s :
a r6 - f & e - x )  * * 2 re -p2(e -x )  *
Ig- J e W (X)dX -  w (0) - p‘  J e W (X)dX (2-65)
0 0
P l a c i n g  th e  r e s u l t  o f  e q u a t i o n  (2 -65 )  I n t o  e q u a t io n  (2 -64 )  y i e l d s
-iW 00 £t ^ p  » r? “ 3n (®“X) * -1
-  E -------- ^ ---------- 5 -  IW ( 0 )  -  P2 r e  W ( X ) d X |  ( 2 - 6 6 )
9 n -1  [ L ( L - l )  + p2 ] *- n J o -*
I f  e q u a t io n  (2 -5 5 )  i s  s u b s t i t u t e d  f o r  tq In  e q u a t i o n  ( 2 - 2 6 ) ,  the  f o l l o w ­
ing  e x p r e s s i o n  i s  o b ta in e d :
PL ( W .  - W  )D
§» '° >°2~ 'fe * 0 <2'67>a
The s o l u t i o n  t o  e q u a t io n s  (2 -6 6  and 2-67)  u t i l i z i n g  a l i n e a r  i s o ­
therm i s  th e  s o l u t i o n  to  e q u a t i o n s  (2 -2 6 ,  2 -3 1 ,  and 2 -3 4 ) ,  The s o l u ­
t i o n  to  t h e s e  was o b ta in e d  a n a l y t i c a l l y  and e v a l u a t e d  n u m e r i c a l ly  by
D 26,27 Rosen.
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3. Energy Balance  E q u a t io n s
In  S e c t i o n  2 th e  c o n t i n u i t y  e q u a t i o n s  were developed  f o r  a gas 
w i t h  one a d s o r b a b l e  component f lo w in g  th ro u g h  a  long  t u b u l a r  column 
packed w i th  a g r a n u l a r  a d s o r b e n t .  In  t h i s  s e c t i o n  th e  energy  b a la n c e  
f o r  th e  same c o n f i g u r a t i o n  w i l l  be deve loped .  I t  w i l l  be assumed t h a t  
th e  h e a t  l o s s  from th e  system i s  by th e  mechanism o f  t r a n s f e r  from 
t h e  gas  th rough  th e  w a l l  a c c o r d in g  to  Newton 's  Law o f  C oo l ing .  An 
o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  w i l l  be u sed .  L e t
Tg -  s o l i d  a d s o r b e n t  and adso rbed  phase  t e m p e r a t u r e ,  *F.
T ■ gas phase  t e m p e r a t u r e ,  °F.
■ te m p e ra tu re  o f  s u r r o u n d i n g s ,  °F,
2 3a^ -  s p e c i f i c  s u r f a c e  o f  s o l i d ,  f t .  / f t .  .
2
a ■ s p e c i f i c  a r e a  o f  column w a l l ,  f t .  / f t .  w
■ r e f e r e n c e  t e m p e r a tu re  f o r  e n t h a l p y ,  °F.
H^ds "  h e a t  o f  a d s o r p t i o n ,  B t u . / l b .  ad so rb e d ,  d e f in e d  as  a  p o s i t i v e  
q u a n t i t y .
C = av e ra g e  s p e c i f i c  h e a t  o f  s o l i d  and adsorbed  p h a s e ,s B t u . / ( l b . ) ( ° F . ) .
C ■ av erage  s p e c i f i c  h e a t  o f  g a s ,  B t u . / ( l b . ( ° F . ) .
2
h = h e a t  t r a n s f e r  c o e f f i c i e n t ,  B t u . / ( h r . ) ( f t .  ) ( ° F « ) .
q ■ r a t e  o f  c o n v e c t iv e  f low o f  h e a t ,  B t u . / h r .’ conv* *
U. -  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  based  on th e  i n s i d e  a r e a  
o f  t h e  column, B t u . / ( h r . ) ( f t . 2 ) ( * F ^ .
The f o l lo w in g  a r e  t h e  r e f e r e n c e  s t a t e s  f o r  e n t h a l p y  c a l c u l a t i o n s :
2b
a .  S o l id  A dsorben t  ( s o l i d ,  TR) .
b. A d so rb a te  (adso rbed  p h a s e ,  T_).K
c.  Gas ( g a s ,  TR) .
Apply ing  e q u a t io n  (2 -1 )  t o  th e  s o l i d  phase  c o n ta in e d  i n  an e lem ent  
o f  th e  bed o f  l e n g t h  As, n e g l e c t i n g  a x i a l  c o n d u c t io n  In  t h e  s o l i d ,  
g iv e s
Thus,  e q u a t i o n  (2 -6 9 )  i s  th e  ene rgy  b a la n c e  on t h e  s o l i d  i n  th e  c o n t r o l  
volume.
Apply ing  e q u a t io n  (2 -1 )  t o  th e  gas phase  i n  a  segment o f  bed o f  
l e n g t h  Az g iv e s  t h e  fo l lo w in g :
I
Change in—I UllCUI  II
■ E n th a lp y  
-* o f  S o l id
i e a t  r e l e a s e d  
5n a d s o r p t i o n
( 2- 68)
With the  a s su m p t io n  t h a t  C i s  c o n s t a n t ,  t a k i n g  th e  i n d i c a t e d  d e r i v a -
8
t i v e  and c a n c e l i n g  the  common AAz term g iv e s
(2 -6 9 )
(q I + ha (T -T_)AAz> - { q ^ c o n v . ' z  v s G conv.  >z +  Az;+ ^ ^ A D S  d t  *
Ui W TA>*> - <*** k  tcG(V V  + (2 -7 0 )
The r e s u l t  o f  t a k i n g  t h e  i n d i c a t e d  d e r i v a t i v e s ,  d i v i d i n g  by AAz, and 
t a k i n g  th e  l i m i t  a s  Az ap p ro ach es  z e r o  i s  a s  f o l lo w s :
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1  ^ c o n v . *  h . v  ( t ^ T  ) -  *  | B  .  i £ s  ( I  t  > .
A dz
dT ~
€ PGCG b t~  + C PGHADS d t
(2 -7 1 )
Th is  r e s u l t  c o n t a i n s  th e  f u r t h e r  a s su m p t io n s  t h a t  Cg and H ^ g  a r e  con­
s t a n t .  The energy  t r a n s f e r r e d  I n t o  th e  c o n t r o l  volume by c o n v e c t io n  
In  the gas phase  I s  g iv e n  by th e  f o l l o w i n g  e x p r e s s i o n :
" c o n v . "  AG[CG( I G - V  + y  > W  <2 ' 72>
S u b s t i t u t i n g  e q u a t i o n  (2 -7 2 )  i n t o  e q u a t i o n  (2 -71 )  and c a r r y i n g  o u t  th e  
d i f f e r e n t i a t i o n  g iv e s  •
-GCc g ;  .  GHads £  + h a v (T s .TG) -  ^  <V I 4 ) -
dTG dv (2 " 73)
CpGCG d t”  + CPGHADS d t
A g a in ,  i t  has  been  assumed t h a t  dG/dz * 0 .  I f  e q u a t i o n  ( 2 - 6 ) ,  the  
e q u a t i o n  o f  c o n t i n u i t y ,  i s  a p p l i e d  to  e q u a t i o n  ( 2 - 7 3 ) ,  t h e r e  r e s u l t s
-ADS [ °  I  +  » F  +  « Pg 1 0  ■ 0 <2- 74>
and
- ° CG i f  +  t a ,<  W  - - i r  < V V  ■ ^ G C0  i f  <2- ” >
M G _ ___   V w ........................................8TG
A p p ly in g  th e  v a r i a b l e  t r a n s f o r m a t i o n s  o f  e q u a t i o n s  (2 -7  and 2 -8)  and 
t h e  r u l e s  o f  p a r t i a l  d i f f e r e n t i a t i o n  i l l u s t r a t e d  i n  e q u a t i o n s  (2 -9  
th ro u g h  2-15)  y i e l d s  t h e  fo l lo w in g :
2 6
l an L  d i  '  G St ( 2 - 7 6 )
aTG MG
3 T  ■ a T  <2- 77)
dw dw 
d t  dT (2 -7 8 )
dT dT3 S
a T  ■ a T  <2- ” >
S u b s t i t u t i n g  th e  above r e s u l t s  I n to  e q u a t i o n  (2 -69 )  p roduces
.  dT
^ADS aT -  t a v< W  ■ 3Cs a r  ( 2 - 80>
Apply ing  them to  e q u a t io n  (2 -7 1 )  g iv e s
dT U a
gcg W  ■ hV W  -  - 7 T  < tg - V  <2 ’ 81>
The f i n a l  s t e p  i n  th e  development o f  t h e  energy  b a la n c e  i s  to  
n o n - d im e n s i o n a l i z e  a l l  o f  t h e  dependen t  and in d ep en d en t  v a r i a b l e s  w i th  
th e  e x c e p t io n  o f  t e m p e r a tu r e .  The r e a s o n  f o r  t h i s  e x c e p t io n  i s  to  
f a c i l i t a t e  c a l c u l a t i o n  o f  t h e  e q u i l i b r i u m  r e l a t i o n s h i p s .  Using th e  
same c h a r a c t e r i s t i c  v a r i a b l e s  as  were used in  n o n - d im e n s i o n a l i z i n g  
th e  m a t e r i a l  b a l a n c e ,  th e  d e s i r e d  forms o f  e q u a t io n s  (2 -80  and 2-81)  
a r e ,  r e s p e c t i v e l y ,
dT (w.-w )HAr._ ha ts i  o ADS dw v o
ae  c  ae bc v s g8 8
(T -T„) (2 -8 2 )
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and
G v o 
GCG
( 2 -8 3 )
4 .  T rea tm e n t  o f  E q u i l i b r i a
To com ple te  t h e  developm ent  o f  t h e  m a th e m a t i c a l  model ,  i t  la  
n e c e s s a r y  t o  s p e c i f y  t h e  e q u i l i b r i u m  r e l a t i o n s h i p  between th e  gas  and 
th e  a d s o rb e d  p h a s e s .  I n  g e n e r a l ,  a d s o r p t i o n  e q u i l i b r i u m  d a t a  a r e  
u s u a l l y  r e p r e s e n t e d  as  an  i s o t h e r m  e x p re s s e d  a s
T h is  r e l a t e s  t h e  e q u i l i b r i u m  c a p a c i t y  o f  the s o l i d  t o  th e  c o n c e n t r a t i o n  
o f  a d s o r b a t e  in  t h e  f l u i d .
An e m p i r i c a l  e x p r e s s i o n  which f i t s  a l a r g e  body o f  e x p e r i m e n t a l  
d a t a  I s  commonly r e f e r r e d  to  a s  t h e  F r e u n d l i c h  I s o th e r m .  I t  has  t h e  
form
A l i n e a r  i s o t h e r m ,  which may be v a l i d  over  na r row  c o n c e n t r a t i o n  r a n g e s ,  
i s  a s p e c i a l  c a s e  when n « 1 .0 .  N o th ing  i n  th e  development  o f  t h i s  
model has  been d ependen t  on t h e  form o f  th e  I so th e rm .  However, b e ­
cause  th e  s o - c a l l e d  F r e u n d l l c h  I s o th e r m  can be used t o  c o r r e l a t e  d a t a  
f o r  th e  c a r b o n - e t h a n e  sys tem  used  in  t h e  e x p e r im e n ta l  p hase  o f  t h i s  
s t u d y ,  f u r t h e r  development  w i l l  make u se  o f  t h i s  form.
S in c e  a s p e c i f i c  i s o th e r m  e x i s t s  a t  each t e m p e r a t u r e ,  o v e r  a r a n g e  
o f  t e m p e r a t u r e s  e q u a t i o n  (2-8*-) becomes
w “  f ( y )  (T “ c o n s t a n t )  8 (2 -8 4 )
n
(2 -85 )
w* -  f ( y , T s ) ( 2 - 86)
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Or, e q u a t i o n  (2 -85)  can be ex p re sse d  as
w* -  k(T ) y n(Ts)  (2 -87)s
where k(T ) and n(Ts)  can be de te rm ined  e m p i r i c a l l y  from Iso th e rm  d a ta  
a t  s e v e r a l  t e m p e r a t u r e s .  This  was done f o r  t h e  sys tem  under  s tu d y .  
D e t a i l s  a r e  g iven  in  Appendix A.
S in ce  th e  model now c o n t a i n s  d im e n s io n le s s  c o n c e n t r a t i o n  v a r i a b l e s ,  
and s i n c e  th e  i s o th e rm  I s  most c o n v e n i e n t l y  e x p re ss ed  in  te rms o f  a c t u a l  
c o n c e n t r a t i o n s ,  i t  i s  n e c e s s a r y  t o  s o lv e  e q u a t io n  (2 -27 )  as  fo l lo w s :
y * Y(yQ- y 1) + y L (2 -88)
Prom e q u a t i o n  ( 2 - 2 8 ) ,
*
. w - w
W - ------------------------------------------------------------   (2 -89)w, - w 'i  o
S u b s t i t u t i o n  o f  e q u a t io n s  (2-87  and 2-88) i n t o  e q u a t i o n  (2 -89 )  g iv es  
th e  d im e n s io n le s s  e q u i l i b r i u m  r e l a t i o n s h i p
»<V
* k(T ) [V ( y  - y . )  + y . ]  -  w
W -  ----- 5--------- 2— =------- =-------------------------------------  ( 2 -9 0 )w - w,o i
o r  i n  g e n e r a l ,
W* = F(Y,T ) (2 -91 )3
5. Summary o f  M athem atica l  Model
F i n a l l y ,  i t  w i l l  be c o n v e n ie n t  t o  summarize t h e  e q u a t io n s  which 
c o n s t i t u t e  t h e  m a th e m a t ic a l  model o f  th e  sys tem  u nde r  s tu d y .  L e t
' l '  GT„ < y r > ro )
K, ■ 9 .° . (D lm en* ion lesa)  ( 2 -9 2 )
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(D im e n s io n le s s )  (2 -93 )
v o 
^ s
(D im e n s io n le s s )  (2 -94)
K4  C ( dF . ) (2 -95 )s
and ,
(D im e n s io n le s s )  (2 -9 6 )5 GCgA
These c o n s t a n t s ,  a lo n g  w i th  th e  d im e n s io n le s s  c o n s t a n t ,  L, d e f in e d  
by e q u a t i o n  ( 2 - 5 2 ) ,  r e p r e s e n t  t h e  p a r a m e te r s  o f  t h e  s o l u t i o n  be ing  
so u g h t .  Some comment shou ld  be made on the  s i g n i f i c a n c e  o f  t h e s e  p a r a -
n o t  d i m e n s i o n l e s s ,  r e p r e s e n t s  th e  maximum t e m p e ra tu re  change which 
cou ld  o c c u r .  I t  I s  a h e a t  g e n e r a t i o n  term,  In  e f f e c t .  The p a r a m e te r ,
L, I n d i c a t e s  th e  r e l a t i v e  s i g n i f i c a n c e  o f  the  f i l m  t r a n s f e r  c o e f f i c i e n t  
to  t h e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s l v l t y .  For  L = 00 I n t r a p a r t i c l e  
d i f f u s i o n  i s  the  c o n t r o l l i n g  r e s i s t a n c e .  S u b s t i t u t i o n  o f  the  above 
i n t o  e q u a t io n s  (2 -6 6 ,  2 -6 7 ,  2 -82 ,  and 2 - 8 3 ) ,  a lo n g  w i th  e q u a t i o n  ( 2 - 9 1 ) ,  
g iv e s  the  f o l l o w in g  sys tem  o f  e q u a t i o n s :
m e te r s .  K^, as  i t  i n v o lv e s  Lq , i s  commonly r e f e r r e d  to  as a d im en s io n -1
l e s s  bed l e n g t h .  ^  and K.  ̂ r e l a t e  t h e  i n t e r p h a s e  h e a t  t r a n s f e r  to  
th e  h e a t  c a p a c i t i e s  o f  th e  gas and s o l i d ,  r e s p e c t i v e l y .  i s  a dimen­




aw _ 6L .9 -P^(0-X)
W * ( \ )d x J  (2 -9 8 )e
o
(2 -9 9 )
( 2 - 100)
and
W* = F(Y,Tg) ( 2- 101)
s u b j e c t  t o  th e  boundary  c o n d i t i o n s
Y -  1 .0  a t  Z -  0,  0 ^ 0 .
W -  0 a t  6 -  0,  Z % 0.
T = T a t  0 -  0 ,  Z a  0.s so *
t G  •  Tg0 a t  Z -  0,  0 ^  0.
T h i s ,  t h e n ,  r e p r e s e n t s  the  model f o r  th e  f i x e d - b e d ,  n o n - I s o th e rm a l
a d s o r b e r  under  s tu d y .  I t  i s ,  o f  c o u r s e ,  s u b j e c t  to  the  assum pt ions  
made in  i t s  development  and th e  l i m i t a t i o n s  c o n ta in e d  t h e r e i n .  The 
a s su m p t io n s  were s t a t e d  d u r in g  th e  development  and a r e  summarized a t  
t h e  b e g in n in g  o f  t h i s  c h a p t e r .
As th e  s e t  o f  e q u a t i o n s  above a p p e a r s  t o  have no a n a l y t i c a l  s o l u ­
t i o n ,  n u m e r ic a l  methods w i l l  be used t o  s o lv e  them. The next  c h a p t e r
d e a l s  w i t h  th e  t e c h n iq u e s  f o r  o b t a i n i n g  th e  s o lu t io n ^
CHAPTER I I I  
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1. I n t r o d u c t i o n
In  th e  p r e v io u s  c h a p t e r  a m a th e m a t ica l  model d e s c r i b i n g  a f i x e d -
bed n o n - I s o th e rm a l  a d s o r p t i o n  column was p r e s e n t e d .  There ap p ea rs  to
be no a n a l y t i c a l  s o l u t i o n  t o  the  s e t  o f  e q u a t i o n s  d e s c r i b i n g  th e  model.
T h e r e f o r e ,  In t h i s  c h a p t e r  n u m er ica l  methods based  on f i n i t e  d i f f e r e n c e
*
t e c h n i q u e s  w i l l  be deve loped  to  s o lv e  i t .
E q u a t io n  (2-98)  p r e s e n t s  a s p e c i a l  problem.  I t  i n v o lv e s  an i n ­
f i n i t e  s e r i e s  and c o n t a i n s  an i n t e g r a l  e x p r e s s i o n .  I t  i s  known, how­
e v e r ,  t h a t  f o r  v a lu e s  o f  0 g r e a t e r  th an  0 .01  the  s e r i e s  converges  
r a p i d l y .  I t s  use  h e r e  I s  p r e d i c a t e d  on th e  e x p e c t a t i o n  t h a t  I t  w i l l  
o n ly  be n e c e s s a r y  to  e v a l u a t e  a smal l  number o f  terms In t h e  s e r i e s .
2.  F i n i t e  D i f f e r e n c e  E x p r e s s io n s  f o r  a G en e ra l  P o in t
C o n s id e r  the  s o l u t i o n  g r i d  s k e tc h e d  below where th e  s u b s c r i p t  
p a i r  ( i , j )  re  fe re  t o  d i s t a n c e  a long  th e  bed and t im e ,  r e s p e c t i v e l y ,
Z-»
T o T o )
0 . . ( i  , J - 1 )  .
. ( i - 1 , J ) . ( i  , J ) •
In  t h i s  s e c t i o n  f i n i t e  d i f f e r e n c e  e q u a t i o n s  w i l l  be d e r iv e d  f o r  Y, W,
Tg, and T^ a t  a g e n e r a l  p o i n t  ( l , j )  l o c a t e d  in  th e  i n t e r i o r  o f  the
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g r i d .  S p e c i a l  c o n d i t i o n s ,  such  a s  a t  t h e  b o u n d a r i e s ,  w i l l  be con­
s i d e r e d  s e p a r a t e l y .
F i r s t ,  c o n s i d e r  t h e  I n t e g r a l  p o r t i o n  o f  e q u a t i o n  (2 -98 )  from th e  
p r e c e d in g  c h a p t e r .
aw “ 6l2 r * 2 r® “̂ (9**) * "l
-  e  ------- - ---------T  W (e)  -  C  I e n w <X)dX
de n -1  [ L ( L - l )  + 0 ] L J o J
n (2 -9 8 )
D e f i n i n g  t h e  s u b s c r i p t  p a i r ,  ( l , j ) ,  u sed  In  t h e  s o l u t i o n  g r i d  as
f o l l o w s ;
^  . <3- l )
l e t  _
2 (JA9 ~8n O"X) *
'  1 e W ( x ) d \  (3 -2 )
2
!l , j  -  Pn r
f o r  a  g iv e n  (1) .
Using  th e  r e l a t i o n  t h a t  e -  e *e , e q u a t i o n  ( 3 -2 )  can be w r i t t e n
a
s i , j  '  e
-16 s£* * 2
« w (x)9„d> (3-3)
0
In  the  i n t e r v a l  from 0 -  0 t o  0 -  A0, where A9 i s  s u f f i c i e n t l y  s m a l l ,
■k
assume t h a t  W (X) can be r e p l a c e d  by a s u i t a b l e  a v e ra g e  and removed
from b e n e a th  t h e  i n t e g r a l .  Th is  i s  a m o d i f i c a t i o n  o f  t h e  mean v a lu e
10
theorem In  c a l c u l u s .  With t h i s  a s su m p t io n
■ ) «  n J .  * <3 -*>
P e r fo rm in g  t h e  I n t e g r a t i o n  and s i m p l i f y i n g  th e  r e s u l t  p ro d u ces
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(3 -5 )
N e x t ,  c o n s i d e r  th e  I n t e r v a l  from 0 ■ 0 to  6 ■ 2 A© making u se  o f  t h e  
f a c t  t h a t  f o r  a  c o n t i n u o u s  f u n c t i o n , f ( x ) ,  on t h e  I n t e r v a l  a £ b s  c
rc r ** (•cJ f(x)dx -  J f(x)dx + J f(x)dx (3-6)
a a b
Thus ,
- 3^(2A9) w* Aft fl2 * *
Sl f 2 - e  [( i i i  ) J  .  “ »*dX + ( -ilgZill )
0
f 2Ae Pn * 2  -|
L  e 3- x J (3 -7 )
C a r r y i n g  o u t  t h e  i n t e g r a t i o n  and r e a r r a n g i n g  y i e l d s
it it 2
z w. +w. _ v ,  - 3 nA©v
(  i j -  )  ( l - e  n )  ( 3 -8 )
I t  can  be o b s e rv e d  t h a t  e q u a t i o n  ( 3 - 8 ) ,  t h e  r e s u l t  f o r  0 ■ 0 t o  0 ■ 
2A 6 ,  i s  j u s t
2 *  *  2 
- 3  A© f  W +W "6n 6©N
* 1 . 2 -  * 1 . 1 '  + ( - H - ^ ) ( l -  )  <3- 9>
The above r e s u l t  can be g e n e r a l i z e d  p r o v i d i n g  th e  f o l l o w i n g  re la t ion**  
s h i p :
3U
)  ( l - «  ^  )  (3 -10)
where S. , „ ■ 0 .  i ,  j - 0
E q u a t io n  (3-10)  l a  e x t r e m e ly  u s e f u l  because  i t  p e r m i t s  e v a l u a t i n g  
th e  i n t e g r a l  a t  s u c c e s s i v e  time s t e p s  m ere ly  by m u l t i p l y i n g  i t s  v a lu e  
a t  th e  p r i o r  s t e p  by e and add ing  th e  e f f e c t  o f  t h e  s t e p  b e in g
c o n s i d e r e d .
The f i n i t e  d i f f e r e n c e  a n a lo g  t o  e q u a t i o n  ( 2 - 9 7 ) ,  which i s  r e ­
p e a te d  be low,  w i l l  now be d e r i v e d .
&  -  0 az i  ae (2 -97)








-  E 6L
(3-12)
E q u a t io n  (3 -12)  was o b t a i n e d  by t a k i n g  th e  l i n e a r  ave rage  o f  e q u a t i o n  
(2-98)  between ( i )  and ( i + 1 ) .  S u b s t i t u t i o n  o f  e q u a t i o n  (3 -10 )  i n t o  




n-i p .a - 1 )  + en]
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*  *  *  *  2
/ r ^ 4  ■ 1+W. . N/ - 6  A0V-1- (  t r t . J - l  ^1+1, J_  t u -.l. .  t ,J  ^  W  y j  (3 U )
I f  e q u a t i o n s  (3-11  and 3-13)  a r e  p la c e d  In  e q u a t i o n  (2-97)  and r e ­
a r r a n g e d ,  t h e  f o l l o w in g  r e s u l t s :
K, 4 2  00 , _ 2  r *  *
Yt+i 1 * Yi \ ■ 1 — E ----------------r  i (ui+i i+wi *l,j i n-1 + g2-| I 1 1. j l.J
2 *  *  *  *  
e ae , w 4^  4, , + w . . .  .+w 4 ,+w,
U s  +s ) e n + ( > - 1 , t + l > r - y - 1 1 , j )
Lv i+l.j-l i ,j - l; V 2 J
( l  -  •  "  ) ]  } 0 - 1 4 )
By r e p l a c i n g  ( i+1)  by ( i ) , and ( i )  by ( i - 1 ) ,  e q u a t i o n  (3-14)  can be 
w r i t t e n  f o r  a g e n e r a l  p o i n t  ( i , j )  a s  f o l l o w s :
K 42 »  ,  2
.  y - E  —i,j i-l.J 2 * 7 7 3n=l [ L ( L - l )  ^
3^40 . W. . ,+W. ,+W ,+W.
2
( i  -  •  ) ]  } (3 -15)
★
R e c a l l i n g  t h a t  W. . -  F(Y ipTo)* I t  can  be seen  t h a t  e q u a t i o n  (3-15)
1 » J 1 t J *>
e x p r e s s e s  Y. in  te rm s  o f  q u a n t i t i e s  t h a t  a r e  known a t  ( i , j - l ) ,
*■>3
( i - l p j - l ) *  and ( i - l , j ) .  For  a g iv en  v a lu e  o f  Tc , e q u a t i o n  (3 -15 )  cano
3 6
be so lv ed  f o r  Y, by a Newton-Raphson t e c h n iq u e  f o r  f i n d i n g  the  r o o t .  
* > J *>
The term in  square  b r a c k e t s  i s  t o  be m u l t i p l i e d  by e n in  the  nex t  
t ime s t e p .
To f i n d  an e x p r e s s i o n  f o r  W. . ,  f i n i t e  d i f f e r e n c e  fo rm ulas  about1 f J
t h e  p o i n t  a r e  w r i t t e n  as  fo l lo w :
aw
ae






-  I 6L
* * w, . ,+w s,  . . ,+s ,
n-1 [L (L - l )  + 3 ]
i , j + *
(3-17)




-  z 6L
* * 
W. . ,+W
n-1  [L (L - l )  + 3n ]
*  *  w. ,+w 2-B A 9 .
(3-18)
By e q u a t i n g  e q u a t i o n s  (3-16  and 3 - 1 8 ) ,  the  fo l l o w in g  e x p r e s s i o n  f o r
W. . i s  o b t a in e d  1 , j + i
wi , j + l  wi , j  2 h
6L
n-1 [ L (L - l )  +  3n ] { )  -
*  *r  - 3"A9 . w. +w. . , , ,  - p2 A0V-.
[S l > j e n + ( _ ± U _ U ± ) ] - S t > j } (3-19)
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E q u a t io n  (3 -19 )  can be w r i t t e n  f o r  a g e n e r a l  p o i n t  ( l , j )  aa f o l l o w s :
wt j ■ wi j-i + Is E —  r {("I I-*** j-i ) -, J  n=>l [ L ( L - l )  +  1 J
2 *  *  2 
[ n ♦ ( *‘V  t,J )(l - • n )] - ) <3-20>
The te rm i n  sq u a re  b r a c k e t s  i s  S and becomes S f o r  t h e  nex t
i »J i  i J _ 1
t im e  s t e p .
In  o r d e r  t o  use  e q u a t i o n  (3 -20 )  t o  f i n d  W , i t  i s  f i r s t  n e c e s -
» J
s a r y  t o  f i n d  Y. . u s i n g  e q u a t i o n  (3 -15 )  so t h a t  W* -  F(Y ,T )
*-»J i f j  i , J Sf
can be e v a l u a t e d .  I t  sh o u ld  be n o t e d ,  however ,  t h a t  e q u a t i o n  (3-20)  
In v o lv e s  o n ly  q u a n t i t i e s  a t  one bed d e p t h .  Thus,  i t  can  be used  t o  
f i n d  W a t  th e  t o p  o f  the  bed where Z -  0.
For  a l i n e a r  i s o th e r m  and i s o t h e r m a l  c o n d i t i o n s  W* -  Y. At 
Z = 0 ,  where Y =* 1 . 0 ,  t h e  s o l u t i o n  t o  e q u a t i o n  (3-20)  i s  th e  same as  
th e  a n a l y t i c a l  s o l u t i o n  t o  e q u a t i o n  ( 2 - 9 8 ) .  T h is  s o l u t i o n  i s  g iv en  
by Crank** f o r  v a r i o u s  v a l u e s  o f  th e  p a r a m e te r  L. The a p p ro ach  o f  the  
n u m e r ic a l  s o l u t i o n  of  e q u a t i o n  ( 3 -2 0 )  t o  t h e s e  s o l u t i o n s  w i l l  be used 
t o  d e t e r m in e  t h e  convergence  p r o p e r t i e s  o f  the  n u m e r ic a l  method and 
t o  d e te rm in e  t h e  t ime i n t e r v a l s  a s  w e l l  a s  t h e  number o f  te rms  of  t h e  
i n f i n i t e  s e r i e s  t o  be r e t a i n e d .  These w i l l  be d i s c u s s e d  i n  a l a t e r  
s e c t i o n  o f  t h i s  c h a p t e r .
A f i n i t e  d i f f e r e n c e  e q u a t i o n  f o r  T w i l l  now be o b t a i n e d .G
E q u a t io n  (2 -9 9 )  i a  r e p e a t e d  below.
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dTG
a T  -  W V  " W V  (2 - " >
Using a fo rm ula  s i m i l a r  Co e q u a t i o n  (3 -1 1 )  f o r  t h e  l e f t  hand s i d e  and 
i n s e r t i n g  a v e ra g e  v a l u e s  in  t h e  r i g h t  hand s i d e ,  a  second o r d e r  c o r r e c t  
e q u a t i o n  abou t  t h e  p o i n t  ( i + ^ , j )  i8  o b t a i n e d .
T - T
 —  ( t  +T -T -T ^
^  2 '  S i + l f j  Si , j  Gi- t- l , j  Gi , j '
*K5 ( t  +T - 2 T . )  (3 -21 )
T  v Gi + i , j  Gi , j  A /
M u l t i p l y i n g  by AZ and c o l l e c t i n g  te rm s  y i e l d s
, K AZ K AZ* K AZ K AZ*
( > * — * 4 - )  - +  • + - )  V , *
K AZ K.AZ
(T +T_ ) + - f — (2T .)  (3 -22 )
2 Si , j  Si + l , j  2 A
L e t
K AZ
M2 -  (3 -2 3 )
and
K AZ
M5 -  (3 -2 4 )
Then s u b s t i t u t i n g  t h e s e  i n  e q u a t i o n  (3 -2 2 )  and r e w r i t i n g  f o r  an 
a r b i t r a r y  p o i n t  ( i , j )  g iv e s
< U V * 5 >  I G i i j  -  ( l - H j - V  V l . j  + i  )  *  M5 ( 2 I a )
(3 -2 5 )
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To d eve lop  a f i n i t e  d i f f e r e n c e  fo rm ula  f o r  Tc , r e c a l l  e q u a t io n  
(2- 100) .
W  ’ k4 a e ' W V  (2 - i ° o )
U t i l i z i n g  e q u a t i o n  (3 -16)  and a v e rag e  v a lu e s  o f  T_ and T_, e q u a t i o n
S G
(2-96)  can be w r i t t e n  in  te rm s  o f  f i n i t e  d i f f e r e n c e s  abou t  ( i , J + ^ )  
as  f o l l o w s ;
T s i , J + l  —  ~W' '  '
A9
T -T
Gt , J + l  Gi , j
-  K (  ** )    ( j  +T
)  ' (3-26)
M u l t i p l y i n g  by A6 and c o l l e c t i n g  te rms  g iv e s  
K,A6 \  ,
( l + —  > .  -  ( l  - — )  Ts 1>;) + K4 <wi >j + r wt , j >  +
K3 A8
- 5—  (T +T ) (3 -27)
2 Gi , j +1 Gi , j
K3 A0
Let
H3 -  - f —  (3 -28)
I f  e q u a t i o n  (3-28)  I s  s u b s t i t u t e d  i n t o  e q u a t i o n  (3-27)  and th e  sub­
s c r i p t s  m o d i f ie d  f o r  an a r b i t r a r y  p o i n t  ( i , j ) ,  t h e r e  r e s u l t s
( 1 + M ) T  -  (1 - M_)T + K (W -VT )■* S1>j 3 St  4 i , J  i , j - l
+ M (T +  T_ ) (3 -29)
3 Gi ,J  Gi . j - 1
Uo
I f  W, , I s known o r  e s t i m a t e d ,  tfie e x p r e s s i o n  f o r  T from e q u a t i o n  
l . J  Gt>J
(3-22)  can be s u b s t i t u t e d  i n t o  e q u a t i o n  (3-29)  which can th e n  be 
so lv e d  f o r  T . Then,  T can be c a l c u l a t e d  by e q u a t i o n  ( 3 - 2 2 ) .
s i , j  gi , j
The e q u a t i o n s  r e l a t i n g  Y, W, T„,  and T_ f o r  a  g e n e r a l  p o i n t  ( i , j )u O
a r e  e q u a t i o n s  (3 -1 5 ,  3 -20 ,  3 -25 ,  and 3 - 2 9 ) ,  r e s p e c t i v e l y .  The g e n e r a l  
method f o r  s o l v i n g  t h e s e  e q u a t i o n s  f o l l o w s :
a .  E s t im a te  Y and T .J
b .  Using e q u a t i o n  (3-15)  and a Newton-Raphson convergence  
t e c h n i q u e ,  c a l c u l a t e  Y.
c .  With t h e  v a lue  f o r  Y o b t a i n e d  from ( b ) , c a l c u l a t e  W by means
i
o f  e q u a t i o n  ( 3 - 2 0 ) .
d .  C a l c u l a t e  T u s in g  e q u a t i o n s  (3 -25  and 3 - 2 9 ) .  I f  T a g r e e ss s
w ith  th e  e s t i m a t e ,  c a l c u l a t e  T . I f  n o t ,  u se  the  c a l c u l a t e dU
v a lu e s  o f  Y and T_ as  th e  new e s t i m a t e  and r e p e a t  b e g in n in go
w i th  s t e p  ( b ) .
The e q u a t i o n s  t h a t  have been  deve loped  p e rm i t  advanc ing  s t e p  by s t e p  
i n  the  ( i )  d i r e c t i o n  w h i le  ( j )  rem ains  c o n s t a n t .  I t  i s  n e c e s s a r y  t o
r e t a i n  t h e  v a l u e s  o f  Y, W, T , and T_, a s  w e l l  as  the  a p p r o p r i a t es o
j ,  from th e  p r e v io u s  time s t e p  f o r  th e  c a l c u l a t i o n s .
I n  o r d e r  t o  d e te rm in e  the  p ro p e r  number o f  te rms  o f  th e  i n f i n i t e
★
s e r i e s  t o  r e t a i n ,  e q u a t i o n  (3-20)  was i n v e s t i g a t e d  s e p a r a t e l y  f o r  W ■ 
1 . 0 .  Th is  i s  th e  c o n d i t i o n  t h a t  e x i s t s  a t  z e r o  bed d ep th  w i th  a l i n e a r  
i so th e rm  and i s o th e r m a l  o p e r a t i o n .  I t  was f e l t  t h a t  c o n d i t i o n s  i n  the  
l e f t  hand c o r n e r  o f  th e  s o l u t i o n  g r i d  d e s c r i b e d  e a r l i e r  were the  most 
s e v e re  t h a t  cou ld  be e n c o u n te r e d .  In  t h i s  r e g i o n  the  f l u i d  phase 
w i th  th e  h i g h e s t  p o s s i b l e  c o n c e n t r a t i o n  c o n t a c t s  s o l i d  a d s o r b e n t  w i th
t h e  lo w es t  p o s s i b l e  c o n c e n t r a t i o n .  R a te s  o f  change o f  c o n c e n t r a t i o n  
In  b o th  p h a s e s  w i th  r e s p e c t  t o  t ime and p o s i t i o n  sh o u ld  be a t  t h e i r  
maximum v a l u e s .  Thus ,  a  v a l i d  t e s t  o f  th e  n u m e r ic a l  p r o c e d u r e s  sh o u ld  
be p r o v id e d .
Because i t  was known t h a t  th e  a n a l y t i c a l  s o l u t i o n  t o  e q u a t i o n  
(2 -98 )  converged  a f t e r  a  few te rm s  f o r  8 > 0 . 0 1 ,  t ime s t e p s  o f  A9 m 
0 .0 1  were c o n s i d e r e d .  P a r e n t h e t i c a l l y ,  p r o p e r t i e s  o f  th e  s o l u t i o n  
f o r  Q < 0 .0 1  a r e  n o t  o f  I n t e r e s t  f o r  t h e  sys tem s  b e in g  c o n s id e r e d  
h e r e .  By exam in ing  th e  magni tude  o f  each  te rm  in  t h e  sum, i t  was 
found t h a t  f o r  sm a l l  v a l u e s  o f  L (L < 10.0)  t h e  s e r i e s  was n e a r l y  con­
ve rged  a f t e r  s i x  te rms  fo r1 0 = 0 . 0 1 .  Convergence o f  th e  f i r s t  t ime 
s t e p ,  0 ■ 0 t o  0 = 0 . 0 1 ,  however ,  was s lo w er  t h a n  f o r  s u b se q u e n t  t ime
s t e p s .  For  L * 10 .0  t h e  m agn i tude  o f  th e  second te rm  was z e r o  a t
0 = 0 . 2 8 .  At t h i s  s t a g e  i t  was d e c id e d  t o  u se  t ime s t e p s  o f  £0 =■ 0 .0 1  
and t o  r e t a i n  s i x  te rm s  u n t i l  0 = 0 . 3 0 ,  For 0 > 0 .3 0  th e  s i z e  o f  t h e  
t ime s t e p  was i n c r e a s e d  to  A9 * 0 .1 0  and two te rms  r e t a i n e d .
A t tem p ts  t o  e x te n d  th e  method t o  h a n d le  th e  c a s e  where L ■ <», 
how ever ,  p o i n t e d  up c e r t a i n  p ro b le m s .  I t  was found t h a t  th e  f i r s t  
t ime s t e p ,  0 * 0 to  0 = 0 . 0 1 ,  d id  n o t  converge  a t  a l l ,  a l t h o u g h  sub­
s e q u e n t  s t e p s  were e s s e n t i a l l y  converged  a f t e r  s i x  o r  few er  t e r m s .
For  t h e  f i r s t  s t e p  t h e  n ^  te rm  in  t h e  s e r i e s  r e a c h e d  a l i m i t i n g  v a lu e
1*2
Thus, i n c l u d i n g  an i n f i n i t e  number o f  te rms  would r e s u l t  in  W becoming 
i n f i n i t e  in  t h e  f i r s t  t ime s t e p .  T h is  c l e a r l y  I n d i c a t e d  t h e  need 
f o r  a  d i f f e r e n t  t r e a t m e n t  o f  the  f i r s t  t ime s t e p .  The nex t  s e c t i o n  
c o v e r s  t h i s  a s p e c t  o f  th e  problem.
3 .  S p e c i a l  Method f o r  F i r s t  Time S tep
E q u a t io n  (2 -98)  r e p r e s e n t s  the  s t a r t i n g  p o i n t  f o r  th e  development 
t h a t  f o l l o w s .  C o n s id e r  t h e  i n t e r v a l  from fi ■ 0 t o  8 -  A9 and assume 
the  W (x) i s  c o n s t a n t  o v e r  t h i s  I n t e r v a l  and can be r e p l a c e d  by a 
s u i t a b l e  a v e r a g e .  Then
2
CDaw 6 l 2 r  * .  . * .  . " K6 p 6 V
d e  "  £n-1 [L (L - l )  + 0~]
  Pn e r “ Pn 2 “I
 5T W (0)  -  W (x )e  e n 0 dX (3 -31)
B 1 L J 0 n J
I n t e g r a t i n g  w i th  r e s p e c t  t o  \  and s i m p l i f y i n g  the  r e s u l t  p roduces  
-  r, ------ ~ --------— P w \ ( iu u * h H i .p  ^
89
£    W*(0)-W*(X)( l-e  n ) 1  (3 -32)
n ° l  [L (L -1) +  B„] L  J
*
A s u i t a b l e  a v e rag e  f o r  W (x) would be
W*(X) = (3-33)
Because a g iv e n  c h o ic e  o f  ( i )  i s  under  c o n s i d e r a t i o n ,  the 8W/d0 can be
r e p l a c e d  by an o r d i n a r y  d e r i v a t i v e ,  dW/d0. I n t e g r a t i n g  a g a in  over
*
th e  range  0 -  0 t o  6 “  A0» a s u i t a b l e  av e rag e  v a lu e  f o r  W (0) would
*
be th e  same as  f o r  W (x) g iv e n  by e q u a t i o n  ( 3 - 3 3 ) .  Making t h i s  sub­
s t i t u t i o n  in  e q u a t i o n  ( 3 - 3 2 ) ,  s i m p l i f y i n g  th e  r e s u l t ,  and showing 
th e  l i m i t s  o f  i n t e g r a t i o n  g iv e s
1*3
p Wi  i  00 6l ^ /  y *  \  (* A9 * 8
[ ’ dW -  Z  —---------= -  ( Wi , 0  1,1 ) [ e d 0 (3 -3 4 )
J o n -1  [ L ( L - l )  +  '  2 y J o
There  r e s u l t s ,  t h e n ,
wi i ■ E —   — j( ) (l - e ^ 48) <3-35>
l>1 n-1  [ L ( L - l )  +  7 V '
E q u a t io n  (3 -35 )  p e r m i t s  e v a l u a t i n g  W 1 i f  Y h e n c e ,  W
L^l *■ f *■ I**
i s  known. The s e r i e s  co n v e rg e s  a l b e i t  s lo w ly  even f o r  L = ®. The
2
r e a s o n  f o r  conve rgence  i s  the  p r e s e n c e  o f  t h e  te rm m u l t i p l y i n g  th e  
d e n o m in a to r .  T h i s  r e s u l t s ’ from h a v in g  i n t e g r a t e d  tw ic e  which i s
•k 4c
o n l y  p o s s i b l e  f o r  th e  f i r s t  s t e p  where W (0)  = W ( \ ) .  A f t e r  tw en ty
te rm s  f o r  L -  Wn . a t t a i n s  abou t  n i n e t y - s e v e n  p e r c e n t  o f  i t s  t r u eU 1 1
*
v a lu e  f o r  th e  c a s e  where W * 1 . 0 .  Thus ,  r a t h e r  a r b i t r a r i l y ,  tw en ty  
te rm s  were used  in  th e  f i r s t  s t e p  f o r  l a r g e  v a l u e s  o f  L.
The method by which e q u a t i o n  (3 -35 )  i s  u sed  w i l l  now be d e v e l o p e d ,  
A f i r s t  o r d e r  c o r r e c t ,  s t e p - f o r w a r d  f i n i t e  d i f f e r e n c e  fo rm u la  i s  
s u b s t i t u t e d  f o r  e q u a t i o n  (2 -93 )  a s  f o l l o w s :
- * 2 ) - °  <3 -“ > 
S o lv in g  f o r  Y. . y i e l d s
Yi , i  -  Yi - i , i  - ~ w  <wi , r wi ,o>  <3- 37>
★
Because W, -  F(Y. , ,T ) ,  s u b s t i t u t i n g  e q u a t i o n  (3 -3 5 )  i n t o  equa-  1 ,1  l , i
t l o n  (3 -2 7 )  p e r m i t s  s o l v i n g  the. l a t t e r  f o r  Y. .*  The g e n e r a l  p r o c e d u re1 t 1
used  i s  summarized below:
Uk
a .  E s t im a te  Y . and T
1,1 Si , l
b .  Solve e q u a t i o n  (3-37)  f o r  Y. - u s i n g  a Newton-Raphson
f ^J
convergence  p r o c e d u re .
c .  C a l c u l a t e  W. . from e q u a t i o n  (3-35)  and Te from e q u a t i o n  i , i  S. ,
(3 -25)  and ( 3 - 2 9 ) .
d. I f  the  v a lu e  o f  T c a l c u l a t e d  a g r e e s  w i th  th e  v a lue
assumed f o r  T , c a l c u l a t e  T . I f  n o t ,  use  t h e  c a l c u l a t e dS. , Gs t , i
as  the  new e s t i m a t e  and r e p e a t
b e g in n in g  w i th  s t ’ep (b) .
The r e s u l t s  o f  t h i s  and th e  p r e c e d in g  s e c t i o n  p e rm i t  c a l c u l a t i o n  
o f  the  d e s i r e d  q u a n t i t i e s  f o r  a l l  p o i n t s  on t h e  s o l u t i o n  g r i d  e x c e p t  
f o r  c e r t a i n  v a lu e s  a t  th e  b o u n d a r i e s .  These s p e c i a l  s i t u a t i o n s  w i l l  
be deve loped  in  the  n ex t  s e c t i o n .
4 .  Boundary C o n d i t i o n s
F i r s t ,  c o n s id e r  how to  g e t  Y a t  Q * 0 f o r  a l l  Z > 0 .  At 0 -  0 ,  
e q u a t i o n  (2-98)  can be w r i t t e n  a s  f o l l o w s :
dW „ “  6L2
d0 n-1 [L (L - l )  + p2 ]
W (3-38)
*
Since W i s  no t  dependen t  on n ,  u se  i s  made o f  th e  f a c t  t h a t
- 3L (3-39)
to  w r i t e
I<5
f j j  -  3tW* (3-40)
S u b s t i t u t i n g  e q u a t i o n  (3 -40)  i n t o  e q u a t i o n  (2-97)  y i e l d s
H  -  - 3LK2W* (3-41)
*
For  a l i n e a r  i s o th e r m  W •  Y. E q u a t io n  (3-41)  can be i n t e g r a t e d  to
g ive
-3LK.Z
Y -  e 1 (3 -42)
Thus , f o r  L = ®, Y ** 0 f o r  a l l  Z > 0 ,  Th is  f a c t  was assumed t o  be
t r u e  f o r  n o n - l i n e a r  i so th e rm s  as  w e l l  and Y was s e t  e q u a l  t o  z e ro  f o r
a l l  Z > 0. For sm al l  v a lu e s  o f  L, e q u a t i o n  (3 -4 1 )  was e v a lu a t e d  by
22the  Runge-Kutta  method. ’
The e q u a t i o n s  t h a t  were deve loped  f o r  a g e n e r a l  p o i n t  can be used
a t  th e  b o u n d a r ie s  w i th o u t  change to  f i n d  . ,  T„ and T-,
*J 0 , j  i , 0
Of c o u r s e ,  a t  the  b o u n d a r i e s  c e r t a i n  s i m p l i f i c a t i o n s  may be p o s s i b l e .
For example in  e q u a t i o n  (3-25)  i f ,
T - T  - I  (3-43)
o o
th e n
T -  T (3-44)
Gi , 0  Go
In u s i n g  e q u a t i o n  (3-29)  to  f in d  T , i t  i s  c o n v en ie n t  to  no te  t h a t
0 , j
T =■ T which p e r m i t s  t r e a t i n g  t h e  l a s t  te rm as  a  c o n s t a n t .G. . G i ,  j o
5. Summary
In  e a r l i e r  s e c t i o n s  o f  t h i s  c h a p t e r  the  r e l a t i o n s h i p s  n e c e s s a r y  
to  s o lv e  th e  m a th e m a t i c a l  model o f  a  f i x e d - b e d  n o n - i s o th e r m a l  a d ­
s o r p t i o n  sys tem  were d e r i v e d .  These have been combined i n  a computer  
program w r i t t e n  i n  F o r t r a n  IV language  f o r  th e  IBM 7040 a t  th e  Computer
1+6
Research  C e n te r  a t  L o u i s i a n a  S t a t e  U n i v e r s i t y .  A b lo c k  d iagram  show­
ing the  l o g i c  used  i s  g iv e n  in  F ig u re  1. Copies  o f  the  F o r t r a n  IV 
programs used a r e  g iven  in  Appendix B. Although th e  l o g i c  i s  the  same, 
s e p a r a t e  programs were used  f o r  an i n f i n i t e  v a lu e  o f  L and f o r  a f i n i t e  
v a lue  o f  L.  T h is  was done because  In  e v a l u a t i n g  c e r t a i n  c o e f f i c i e n t s  
and o t h e r  te rms  l i m i t i n g  v a lu e s  had to  be used  f o r  an i n f i n i t e  v a lu e  
o f  the  p a ram e te r  L. For a  f i n i t e  L t h e s e  same te rm s  had t o  be 
e v a l u a t e d  f o r  each  i n d i v i d u a l  c a s e .
FIGURE 1
BLOCK DIAGRAM OF COMPUTER PROGRAM
S t a r t
R e a d
S o l u t i o n
P a r a m e t e r s
R e a d
I n i t i a l
C o n d i t i o n s
C l e a r
A r r a y s
C a l c u l a t e
C o n s t a n t s
D e f i n e  
E q u i l i b r i u m  
R e l a t  i o n s h i p s
C a l c u l a t e
a n d  T 
f o r  9
No
S '  e s  t
S '  e s t  . =TE
C a l c u l a t e
E s t  i m a t e
C a l c u l a t e
FIGURE 1 ( C o n t i n u e d )
BLOCK DIAGRAM OF COMPUTER PROGRAM
Wo
S ; e s  t,
Yes
Es t  i m a t  e 
Y a n d  To C a l c u l a t e
C a l c u l a t e  





R e f i n e  
C a l c u l a t  i o n  
o f  W
C a l c u l a t e
E s t i m a t e
FIGURE 1 (Continued)





S ’ e s t
Yes
No
S e s t
Yes
No
S ' e s t .
C a l c u l a t e
C a l c u l a t e
E s t i m a t e  
Y a n d  To
C a l c u l a t e
C a l c u l a t e
e s t
C a l c u l a t e
C a l c u l a t e
e s t
Filmed as  r e c e iv e d  




1. D es ign  B a s i s
The o b j e c t i v e s  o f  t h e  e x p e r i m e n t a l  p o r t i o n  o f  t h e  r e s e a r c h  
were t o  p r o v id e  d a t a  on th e  p a s s a g e  o f  t h e  c o n c e n t r a t i o n  and te m p e ra ­
t u r e  waves th ro u g h  a f i x e d - b e d  a d s o r b e r  t h a t  a pp roached  a d i a b a t i c  
c o n d i t i o n s .  These d a t a  would be compared to  p r e d i c t i o n s  made from 
t h e  s o l u t i o n  o f  t h e  m a t h e m a t i c a l  model o f  th e  sys tem .  I t  was de ­
s i r e d  to  o b t a i n  d a t a  a t  s e v e r a l  bed l e n g t h s .  Thus , a  long  column 
i n  which t e m p e r a t u r e  and c o n c e n t r a t i o n  measurements  cou ld  be made 
a t  s e v e r a l  p o i n t s  a l o n g  t h e  bed l e n g t h  was n e c e s s a r y .
E th an e  was s e l e c t e d  a s  t h e  a d s o r b a t e  and a c t i v a t e d  ca rb o n  as  
t h e  a d s o r b e n t  b ecau se  t h i s  sy s tem  would g iv e  m e a s u ra b le  t e m p e r a t u r e  
changes  a t  r e l a t i v e l y  low gas c o n c e n t r a t i o n s  w h i l e  o p e r a t i n g  n e a r  
a tm o s p h e r i c  p r e s s u r e .  A v a i l a b i l i t y  was a l s o  a f a c t o r .  N i t r o g e n  was 
chosen  as  th e  c a r r i e r  gas  b e c a u s e  i t  i s  n o t  a d so rb ed  a p p r e c i a b l y  a t  
room t e m p e r a t u r e  and a tm o s p h e r i c  p r e s s u r e  and b e c a u s e  i t  i s  r e a d i l y  
a v a i l a b l e  and i n e x p e n s i v e .  S p e c i f i c a l l y ,  Matheson CP Grade E th a n e ,  
A i r  R e d u c t io n  Company P r e p u r i f i e d  N i t r o g e n ,  and P i t t s b u r g h  Type 
BPL 6 x 16 Mesh A c t i v a t e d  Carbon were u sed .  To p r o v id e  a  more u n i ­
form p a r t i c l e  s i z e  d i s t r i b u t i o n ,  th e  c a rb o n  was s c r e e n e d  and the  
p o r t i o n  r e t a i n e d  on an 8 -Mesh U. S. S e lv e  used  a s  t h e  p a c k in g .
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2.  G e n e ra l  D e s c r i p t i o n
The a p p a r a t u s  used In th e  e x p e r i m e n t a l  phase  o f  t h i s  r e s e a r c h  
can be d e s c r i b e d  as  a f i x e d - b e d  a d s o r p t i o n  column w i th  a u x i l i a r y  
equ ipm en t .  The a u x i l i a r i e s  In c lu d e  t h e  gas  s u p p ly ,  f lo w  m easurement ,  
f low  c o n t r o l ,  p r e s s u r e  m easurem ent ,  t e m p e r a t u r e  r e c o r d i n g ,  and con­
c e n t r a t i o n  measurement sy s te m s .  A s i m p l i f i e d  f low p l a n  i s  shown 
in  F ig u r e  2 . The i tem s  l a b e l e d  on t h e  f low d iagram  a r e  I d e n t i f i e d  
i n  T a b le  I I ,
The p r im a ry  f low p a th  th ro u g h  th e  equipment  w i l l  now be d e s c r i b e d .  
N i t r o g e n  c a r r i e r  gas  from a h ig h  p r e s s u r e  c y l i n d e r  f low s  th ro u g h  a  
t w o - s t a g e  p r e s s u r e  r e g u l a t o r ,  P IC -1 ,  and a r o t a m e t e r ,  F I - 1 ,  t o  a 
r e g u l a t i n g  v a l v e ,  FCV-1. E thane  a d s o r b a t e ,  s t o r e d  as  a l i q u i f i e d  gas 
u nder  i t s  own v apor  p r e s s u r e  in  a h i g h  p r e s s u r e  c y l i n d e r ,  f o l lo w s  
a  s i m i l a r  p a th  th ro u g h  PIC-2 ,  F I - 2 ,  and FCV-2 to  a j u n c t i o n  w i t h  th e  
c a r r i e r  g a s .  From t h i s  j u n c t i o n ,  t h e  combined gas  s t r e a m  e n t e r s  t h e  
to p  o f  th e  a d s o r p t i o n  column, p a s s e s  down th ro u g h  th e  packed bed ,  
l e a v e s  t h e  bo t tom  o f  t h e  column, and i s  m e te re d  th ro u g h  a w e t - t e s t  
m e te r  and v e n te d  to  a hood.
3. D e t a i l e d  D e s c r i p t i o n
The c e n t r a l  i tem  t o  t h i s  r e s e a r c h  i s  t h e  a d s o r p t i o n  column i t ­
s e l f .  Major  f a c t o r s  c o n s i d e r e d  in  t h e  d e s ig n  and m a t e r i a l  s e l e c t i o n  
were to  m in im ize  h e a t  l o s s e s  th ro u g h  t h e  w a l l s  and sample  p o r t s ,  
and t o  m in im ize  t h e  h e a t  s i n k  e f f e c t  o f  t h e  w a l l  I t s e l f .  The m a t e r i a l  
s e l e c t e d  a l s o  had t o  be c a p a b le  o f  b e i n g  machined f o r  i n s t a l l a t i o n  
o f  th e rm o co u p le s  and sample p o r t s .
P o l y v i n y l  c h l o r i d e  (PVC Type I )  p ip e  was chosen  a s  th e  m a t e r i a l  
which b e s t  met t h e s e  c r i t e r i a .  A c om par ison  o f  PVC t o  c a rb o n  s t e e l
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D e s ig n a t io n  I tem D e s c r i p t i o n
PIC-1 Gas r e g u l a t o r ,  two s t a g e ,  Matheson
8-580 ,  f o r  n i t r o g e n .
PIC-2 Gas r e g u l a t o r ,  two s t a g e ,  Matheson
8-350 ,  f o r  e t h a n e .
F I -1  ' R o tam e te r ,  F i s h e r  & P o r t e r  F lo w ra to r
Tube No. 2 F - 1 /4 - 2 5 - 5 /7 0 ,  f o r  n i t r o g e n .
F I -2  R o ta m e te r ,  F i s h e r  & P o r t e r  F lo w r a to r
Tube No. F P -1 /8 - 0 8 - G -5 /8 4 , f o r  e th a n e .
FCV-1, FCV-2 R e g u l a t i n g  v a l v e ,  b r a s s ,  Hoke 1315G4B
w i t h  V e r n i e r  h an d le  1300k l ,  f o r  n i t r o g e n  
and e th a n e .
TV-1, TV-2 Toggle v a l v e ,  b r a s s ,  Hoke 1511G4B.
V - l ,  V-2 V alve ,  b r a s s ,  Hoke 3212G4B.
WTM-1 Wet T e s t  M e te r ,  P r e c i s i o n  S c i e n t i f i c ,
0 .1  cu. f t .
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in  tw o - in c h  p i p e  i s  g iven  i n  Tab le  I I I ,  a lo n g  w i th  d a t a  on o n e - in c h  
PVC p ip e  f o r  an a d d i t i o n a l  com par ison .  As can be s e e n ,  t h e  h e a t  
c o n t e n t  p e r  d e g ree  p e r  f o o t  f o r  PVC i s  lower  than  f o r  s t e e l .  The 
th e rm a l  c o n d u c t i v i t y  o f  PVC i s  much lower  th a n  t h a t  f o r  s t e e l .  This  
shou ld  minimize  h e a t  l o s s  th rough  th e  w a l l ,  as  w e l l  a s  a x i a l  con­
d u c t i o n  in  th e  w a l l .  The comparison o f  the  tw o - in c h  to  t h e  o n e - in c h  
PVC i n d i c a t e s  t h a t  t h e  h e a t  c o n t e n t  o f  th e  w a l l  compared t o  th e  
column p ack in g  i s  s m a l l e r  f o r  t h e  tw o - in c h  p i p e ,  a l t h o u g h  s t i l l  
s i g n i f i c a n t .
A 75 9 / 1 6 - in ch  l e n g t h  o f  tw o-Inch  S chedu le  80 PVC Type I  p ip e  
was used f o r  th e  column. ’I t  was d r i l l e d  and tapped f o r  1 / 8 - inch  
NPT t h r e a d s  a t  8 - i n c h  i n t e r v a l s  f o r  n in e  gas sample p o r t s .  For 
i n s e r t i o n  o f  th e  th e rm o c o u p le s ,  i t  was d r i l l e d  w i th  a 1/ 8- i n c h  d r i l l  
fo l lo w e d  by a 5 / 3 2 - i n c h  d r i l l  a t  th e  same i n t e r v a l  a s  f o r  th e  sample 
p o r t s  b u t  d i s p l a c e d  120° on the  c i r cu m fe re n c e  o f  the  p i p e .  Both 
ends o f  t h e  p ip e  were th r e a d e d .  At each end of th e  column a 2 - inch  
Schedule  80 th re a d e d  c o u p l in g  was a t t a c h e d .  A 2 x 3 / 4 - i n c h  th re a d e d  
r e d u c in g  b u sh in g  was i n s e r t e d  i n t o  each c o u p l i n g ,  and a  3 /4  x 1 / 2 - i n c h  
th re a d e d  r e d u c in g  b u sh in g  was i n s e r t e d  in  t u r n .  F ig u r e  3 , shows 
s c h e m a t ic  d e t a i l s  o f  t h e  column c o n s t r u c t i o n .
The packed bed s u p p o r t  was made o f  two b r a s s  r i n g s  s e p a r a t e d  
by t h r e e  1 / 8 - inch  b r a s s  ro d s  spaced  120° a p a r t .  The upper  r i n g  had 
a s t a i n l e s s  s t e e l  w i re  c l o t h  s i l v e r  s o ld e r e d  on i t  to  s u p p o r t  the  
packed bed. The o v e r a l l  l e n g t h  o f  t h e  s u p p o r t  was 6 Inches  and i t  
f i t  c l o s e l y  i n t o  t h e  p i p e .  F i g u r e  3 , a l s o  shows the  l o c a t i o n  o f  
t h e  bed s u p p o r t .  The bed s u p p o r t  r e s t s  upon th e  2 x 3 / 4 - in c h  b u sh in g
TABLE III
COMPARISON OF COLUMN MATERIALS
I tem P r o p e r t y
M a t e r i a l S t e e l PVC Type I PVC Type I
S i z e 2 - in c h 2 - in ch 1- i n c h
S ch ed u le  No. 40 80 80
W eight ,  l b . / f t . 3 .6 6 0 .883 0 .382
S p e c i f i c  H ea t ,  B t u . / l b .  ®F. 0 .1 2 0 .2 5 0 .2 5
Thermal  C o n d u c t i v i t y ,  
Btu .  f t , / h r .  f t .  °F. 26 .2 0 .0833 0 .0833
Heat C a p a c i ty ,  B t u . / ° F .  f t . 0 .439 0 .221 0 .0955
3
I n t e r n a l  Volume, f t .  / f t . 0 .0233 0 .0205 0 .00499
Weight  o f  P a ck in g ,^ - l b . / f t . 0 .7 0 9 0 .624 0 .152
2Heat  C a p a c i ty  o f  P a ck in g ,  
B t u . / ° F ,  f t . 0 .177 0 .156 0 .0 3 8
Heat  C a p a c i ty  R a t i o ,  
p i p e / p a c k i n g 2 .4 8 1.42 2 .5 1
3
1. Bulk d e n s i t y  assumed t o  be 30 .43  l b . / f t ,  .
2.  S p e c i f i c  h e a t  o f  p a c k in g  i s  0 .2 5  B t u . / l b .  °F.
FIGURE 3
SCHEMATIC REPRESENTATION OF COLUMN DETAILS
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B ed  P o s i t i o n  N o .  1 
( S P - 1 ,  T R - 2 ,  11+)
B ed  P o s i t i o n  N o .  2 
( S P - 2 ,  T R - 3 ,  1 5 )
B ed  P o s i t i o n  N o .  3 
( S P - 3  , TR-1+ , 1 6 )
Bed  P o s i t i o n  N o .  U 
( S P - U ,  T R - 5 ,  1 7 )
B ed  P o s i t i o n  N o .  5 
( S P - 5 ,  T R - 6 ,  1 8 )
Bed  P o s i t i o n  N o .  6 
( S P - 6 ,  T R - T ,  1 9 )
B ed  P o s i t i o n  N o.  7 
( S P - 7 ,  T R - 8 ,  2 0 )
B ed  P o s i t i o n  N o .  8 
( S P - 8 ,  T R - 9 ,  2 1 )
Bed  P o s i t i o n  N o .  9 
( S P - 9 , T R - 1 0 ,  2 2 )
L e g e n d ___________ _
S P ,  S a m p l e  P o i n t  
T R , T e m p e r a t u r e  R e c o r d e r  
P o i n t
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In  th e  bo t tom  o f  th e  column.
Gas sample p o r t s  were made o f  ny lon  1 /8  NPT x 1 / 4 - inch  male t u b ­
ing c o n n e c t o r s .  Nylon was chosen t o  a t t e m p t  t o  minimize h e a t  l o s s e s  
th rough  th e  sample p o r t s *  The c o n n e c to r s  were I n s e r t e d  In  t h e  th r e a d e d  
h o l e s  In  th e  column w a l l  u s i n g  t e f l o n  tap e  as  a s e a l a n t .  A t e f l o n  s e a l ­
a n t  g land  w i th  a c l o s e  f i t t i n g  1 / 8 - inch  b r a s s  tube  a p p r o x im a te ly  1 .2  
in c h e s  long i n s e r t e d  th ro u g h  i t  was i n s t a l l e d  in  t h e  c o n n e c t o r .  A g a in s t  
th e  s e a l a n t  g land  and tub ing*  a 3 / 8 - inch  O.D* s i l i c o n e  r u b b e r  septum 
was compressed by means o f  th e  c o n n e c to r  n u t  and a  3 / 8 - inch  washer  w i th  
a 1 / 8 - i n c h  h o l e .  A t y p i c a l  sample p o r t  i s  shown in  F ig u re  4 -A. An 
exploded  view i s  shown in  F ig u re  4 - b . Th is  a r rangem ent  p ro v id e d  a 
l e a k - p r o o f  sample p o r t  a t  th e  low p r e s s u r e s  u t i l i z e d .  The t u b in g  ex­
tended  abou t  1 /4  t o  3 /8  in ch es  i n t o  th e  column and s e rved  to  g u id e  a 
s y r in g e  i n s e r t e d  th rough  th e  septum i n t o  th e  bed p a c k in g .
Thermocouples  were made o f  26-gauge p o l y v i n y l  i n s u l a t e d  copper -  
c o n s t a n t a n  w i r e .  The i n s u l a t e d  w i r e s  were p as sed  th rough  a doub le  bore  
p o r c e l a i n  i n s u l a t o r ,  1 / 8 - i n c h  O.D. x 2 in ch es  lo n g ,  and th e  bead w eld­
e d .  The h o l e s  i n  th e  i n s u l a t o r  and th e  ends o f  th e  i n s u l a t e d  thermo­
c oup le  w i r e s  were s e a l e d  w i th  epoxy cement .  F ig u re  5 shows a t y p i c a l  
th e rm o co u p le .  The the rm ocoup le s  were i n s e r t e d  th rough  th e  5 / 3 2 - i n c h  
h o l e s  i n  th e  column w a l l  t o  t h e  c e n t e r l i n e  o f  th e  column and s e a l e d  in  
p l a c e  w i th  epoxy cement .  At t h e  column i n l e t ,  a thermocouple  was i n ­
s e r t e d  th ro u g h  a 1 / 4 - inch O.D. p o l y e th y le n e  tube  in  t h e  h o r i z o n t a l  run  
o f  a t u b i n g  c r o s s .  Th is  was a l s o  h e ld  i n  p l a c e  w i th  epoxy cement .  
A d d i t i o n a l  th e rm o co u p le s  m o n i to red  th e  t e m p e r a tu re  i n  th e  w e t - t e s t  











Tem pe ra tu re s  were r e c o r d e d  on a Honeywell E l e c t r o n i k  15, Model 
No. Y15303836, M u l t i p o i n t  S t r i p  C h a r t  Tem pera tu re  R e c o rd e r .  The 
r e c o r d e r  had a 0 -250°F .  r a n g e ,  a f i v e  second p r i n t  c y c l e ,  and r e c o rd e d  
t w e n t y - f o u r  p o i n t s .  The b a s i c  c h a r t  speed  was t e n  i n c h e s  p e r  h o u r ,  
b u t  change g e a r s  f o r  a c h a r t  speed  o f  t h i r t y  i n c h e s  p e r  hou r  were 
u s e d .  The tw e lve  the rm ocoup le s  used were w i re d  t o  t h e  I n p u t  p a n e l  
on p o i n t s  1 -12 .  These were sh u n te d  t o  p o i n t s  13-24 ,  r e s p e c t i v e l y .  
Thus, p o i n t s  1 and 13, 2 and 14, e t c . ,  r e c o rd e d  th e  same t e m p e r a t u r e .  
Each t e m p e r a t u r e  was r e c o rd e d  once e v e ry  s i x t y  seco n d s .
The column was mounted v e r t i c a l l y  in  a p o r t a b l e  s t a n d  w i th  a 
c o n t r o l  p a n e l  l o c a t e d  b eh ihd  th e  column. The f r o n t  o f  t h e  p a n e l  
showed th e  two r o t a m e t e r s  i n d i c a t i n g  c a r r i e r  gas  and a d s o r b a t e  f low .  
A ls o  l o c a t e d  on t h e  f r o n t  o f  the  p a n e l  were t h e  V e r n i e r  h a n d le s  o f  
th e  c o n t r o l  v a l v e s ,  FCV-1 and FCV-2, used  t o  c o n t r o l  t h e  gas f low 
r a t e s .  The o v e r a l l  a s sem b ly  i s  shown in  F ig u r e  6 . A c l o s e - u p  
v iew showing a t y p i c a l  sample  p o r t  and the rm o c o u p le  i n s t a l l a t i o n  i s  
p r e s e n t e d  in  F ig u r e  7.
The m a n i fo ld  on th e  r e a r  o f  t h e  p a n e l  was co n n ec ted  w i t h  1 / 4 - i n c h  
0 .  D. coppe r  t u b i n g .  The c o n n e c t io n s  from t h e  gas  c y l i n d e r s  to  the  
m a n i fo ld  were made w i t h  l e n g t h s  o f  1 / 4 - i n c h  0 .  D. p o l y e t h y l e n e  t u b i n g  
which  p e r m i t t e d  moving t h e  e n t i r e  a p p a r a t u s  s h o r t  d i s t a n c e s .  The 
c o n n e c t i o n  from t h e  m a n i fo ld  t o  t h e  top  o f  t h e  column was o f  1 / 4 - inch  
0 .  D. p o l y e t h y l e n e  t u b i n g .  Tygon t u b i n g ,  1 / 2 - i n c h  0 .  D . , was used  
from th e  o u t l e t  o f  t h e  column t o  t h e  w e t - t e s t  m e te r .  The w e t - t e s t  
m e te r  was l o c a t e d  i n ,  and v e n te d  d i r e c t l y  t o ,  t h e  hood.
FIGURE 6 
EXPERIMENTAL APPARATUS
F I G U R E  7
TYPICAL SAMPLE PORT AND THERMOCOUPLE INSTALLATION
CT\
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A w a te r  f i l l e d  U- tube  manometer was a t t a c h e d  to  th e  i n l e t  of  the  
column w i th  1 / 2 - i n c h  0 ,  D. Tygon t u b in g .  This  p e r m i t t e d  r e a d i n g  th e  
i n l e t  p r e s s u r e .  With temporary  c o n n e c t io n s  to  t h e  sample p o r t s ,  the  
p r e s s u r e  drop th ro u g h  th e  bed could  a l s o  be measured .
A f t e r  t h e  column was c o m p le te ly  assem bled ,  i t  was packed w i t h  
ca rbon .  Th is  was done by t i l t i n g  th e  column to  a b o u t  f o r t y - f i v e  
deg ree s  from th e  h o r i z o n t a l ,  p o u r in g  in  a sm al l  amount o f  c a rb o n ,  
s e t t i n g  th e  column u p r i g h t ,  and t a p p in g  th e  w a l l  to  compact th e  
a d s o r b e n t .  The h e i g h t  was measured p e r i o d i c a l l y  a f t e r  a known amount 
o f  ca rbon  had been added to  p r o v id e  a check on the  u n i f o r m i t y  o f  
p a ck in g .  The column was f i l l e d  t o  j u s t  below the  upper  thermocouple  
and sample p o i n t .  The w e igh t  o f  ca rbon  added was 1441 g .  and th e  
packed h e i g h t  was 61 1 /8  i n c h e s .  The b u lk  d e n s i t y  was c a l c u l a t e d  to  
be 30 .43  l b . / f t . 3 .
Molded, o n e - in c h  t h i c k ,  p o l y u r e th a n e  i n s u l a t i o n  was a p p l i e d  to  
the  o u t s i d e  o f  th e  column. The i n s u l a t i o n  was c u t  ou t  to  accomodate 
t h e  sample p o r t s  and th e rm ocoup le s .  C lo th  bands w i th  V e lc ro  f a s t e n ­
e r s  were used to  hold  th e  i n s u l a t i o n  in  p l a c e .  These f a s t e n e r s  p e r ­
m i t t e d  r a p i d  i n s t a l l a t i o n  and removal o f  th e  i n s u l a t i o n  when n e c e s s a r y .
Gas samples  were an a ly z ed  on a Micro-Tek GC-2500R gas ch rom ato­
g raph .  This  i s  a dua l  column in s t r u m e n t  and was used w i th  a the rm a l  
c o n d u c t i v i t y  d e t e c t o r .  The column used in  t h i s  work was a s i x  f o o t  
lo n g ,  1 / 4 - i n c h  0 .  D . , s t a i n l e s s  s t e e l  column packed w i t h  Porapak  P. 
D e t e c t o r  o u tp u t  was r ec o rd e d  on a Honeywell E l e c t r o n i k ,  Model No. 
Y15307856 S t r i p  C h a r t  R e c o rd e r .  C har t  speeds  cou ld  be s e l e c t e d  from 
15 to  720 in ch es  p e r  hour .
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Samples o f  t h e  gas  were t ak en  from th e  a d s o r p t i o n  column and 
i n j e c t e d  i n t o  t h e  gas chrom atograph  w i th  a 50 m i c r o l i t e r  s y r i n g e  made 
by P r e c i s i o n  Sampling C o r p o r a t io n ,  Baton Rouge, L o u i s i a n a .  Two 
s y r i n g e s  made by a n o th e r  m a n u f a c t u r e r ,  I n c l u d in g  a s o - c a l l e d  gas 
s y r i n g e  w i th  a  t e f l o n  p lu n g e r  t i p ,  were t e s t e d .  These s y r i n g e s  d id  
n o t  g iv e  r e p r o d u c i b l e  r e s u l t s ,  a p p a r e n t l y  because  o f  l e a k a g e  p a s t  
t h e  p lu n g e r  and i r r e g u l a r i t i e s  in  th e  b o r e .  A S e r i e s  C P r e s s u re -L o k  
L iq u id  S y r in g e ,  volume 0 - 5 0 .0  m i c r o l i t e r s ,  2 - in c h  cemented n e e d l e ,
0 .020  in .  0 .  D . , 0 .005  i n .  1.  D . , made by P r e c i s i o n  Sampling was 
u sed .  Hundreds o f  samples  were i n j e c t e d  w i th  t h i s  s y r i n g e  w i th  no 
p lu g g in g  o r  o t h e r  probletns<.
The s t a n d a r d  d e v i a t i o n  in  peak  h e i g h t  f o r  a s e r i e s  o f  i n j e c t i o n s  
o f  50 m i c r o l i t e r s  o f  pu re  n i t r o g e n  was 0 .5 6  p e r c e n t .  S e v e r a l  s e r i e s  
o f  i n j e c t i o n s  o f  p u re  e th a n e  v a r y in g  from 25 m i c r o l i t e r s  to  10 m ic ro ­
l i t e r s  had s t a n d a r d  d e v i a t i o n s  a s  low as  0 .12  p e r c e n t .  For a s e r i e s  
o f  5 m i c r o l i t e r  i n j e c t i o n s  o f  pu re  e t h a n e ,  t h e  s t a n d a r d  d e v i a t i o n  o f  
th e  r e sp o n s e  was 1 .0  p e r c e n t .  Th is  was c o n s id e re d  e x c e l l e n t  r e p r o ­
d u c i b i l i t y  f o r  s y r i n g e  i n j e c t i o n .
S a f e t y
V ar ious  s a f e t y  f a c t o r s  were c o n s id e r e d .  The manometer l o c a t e d  
a t  t h e  top  o f  th e  column a l s o  s e rv e d  as  a p r e s s u r e  r e l i e v i n g  d ev ic e  
i n  th e  e v e n t  o f  a flow b lo c k a g e .  To p r e v e n t  an accu m u la t io n  of  
a d s o r b a t e  in  th e  l a b o r a t o r y ,  t h e  e n t i r e  a p p a r a t u s  was p la c e d  in  f r o n t  
o f  a  fume hood.  The column e f f l u e n t  was v en te d  in  th e  hood,  as  was 
any bypassed  m a t e r i a l .  Any p o s s i b i l i t y  o f  f lammable gas e n t e r i n g  the  
h o u s in g  o f  t h e  t e m p e r a tu re  r e c o r d e r  was: e l i m i n a t e d  by s p l i t t i n g  the
i n s u l a t i o n  on th e  therm ocoup le  w i r e s .  T h is  would c a u se  any gas t h a t  
m igh t  l e a k  be tween t h e  w i r e  and I n s u l a t i o n  t o  be v e n te d  ahead  o f  
t h e  h o u s in g .  The c a p a c i t y  o f  t h e  fume hood was more t h a n  s u f f i c i e n t  
t o  p r e v e n t  gas  and a i r  m i x t u r e s  i n  the e x p l o s i v e  r an g e  from fo rm ing .
CHAPTER V 
EXPERIMENTAL PROCEDURES
1. C a l i b r a t i o n  and O p e ra t io n  o f  th e  Gas Chromatograph
Gas samples t ak en  from th e  a d s o r p t i o n  column were a n a ly ze d  on 
a Micro-Tek GC-2500R gas chromatograph u t i l i z i n g  a the rm a l  c o n d u c t i v ­
i t y  d e t e c t o r  w i th  he l ium  as  a c a r r i e r  g a s .  Before  any samples  could
be a n a l y z e d ,  th e  o p e r a t i n g  c o n d i t i o n s  f o r  th e  chromatograph had to
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be de te rm ined  and t h e  chrom atograph  c a l i b r a t e d  f o r  t h e  s p e c i f i c  
compounds to  be used in  th e  s tu d y .
At th e  o u t s e t ,  i t  was f e l t  t h a t  c o n d i t i o n s  shou ld  be such as  
t o  p e r m i t  a n a l y z i n g  samples  a t  l e a s t  a s  f r e q u e n t l y  a s  once ev e ry  two 
m in u te s .  Th is  would be n e c e s s a r y  t o  p e r m i t  r e s o l v i n g  th e  c o n c e n t r a ­
t i o n  wave as  i t  pas sed  th ro u g h  th e  bed.  Using 50 m i c r o l i t e r  samples  
of  an a r b i t r a r y  m ix tu re  o f  n i t r o g e n  and e t h a n e ,  i t  was de te rm ined  
t h a t  t h e  c o n d i t i o n s  g iven  in  Tab le  IV would be s a t i s f a c t o r y .  At 
t h e s e  c o n d i t i o n s  th e  r e t e n t i o n  t im e  f o r  n i t r o g e n  was a b o u t  20 seconds  
and f o r  e th a n e  a b o u t  48 seconds .
During t h e  e n t i r e  t ime th e  chromatograph was i n  u s e ,  th e  m a s t e r  
power t o  t h e  chromatograph and r e c o r d e r  was l e f t  on. The column 
h e a t e r  and th e  th e rm a l  c o n d u c t i v i t y  c e l l  h e a t e r  were m a in ta in e d  a t  
o p e r a t i n g  t e m p e r a t u r e .  A reduced  f low o f  he l iu m  was s u p p l i e d  to  bo th  
columns a t  a l l  t im e s .  Only w h i l e  i n  a c t i v e  u s e ,  o f  c o u r s e ,  was t h e  
d e t e c t o r  b r i d g e  c u r r e n t  tu rn e d  on .  When p u t t i n g  th e  chrom atograph
TABLE IV





D e t e c t o r
Type
Tempera ture  
Br idge  C u r r e n t  
C a r r i e r  Gas 
Type 
P r e s s u r e  
Flow Rate  
R eco rder
1 / 4 - i n c h  0 .  D. x 6 f t .  long 
s t a i n l e s s  s t e e l  packed w i t h  
Porapak P.
95°C.




30 p s i g .
50 c c . / rn in .
C h a r t  Speed 1/4  i n . / m i n .
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i n  s e r v i c e ,  some warm-up t im e  was needed a f t e r  t u r n i n g  on th e  b r id g e  
c u r r e n t  b e f o r e  th e  b a s e l i n e  on t h e  r e c o rd e d  d e t e c t o r  r e s p o n s e  s t a b i ­
l i z e d .  This  cou ld  t ak e  up to  two o r  t h r e e  h o u r s .
The chrom atograph  was c a l i b r a t e d  f o r  th e  s p e c i f i c  o p e r a t i n g  
c o n d i t i o n s  and components t o  be used  by i n j e c t i n g  known q u a n t i t i e s  
o f  t h e  p u re  components .  The i n j e c t i o n s  were by means o f  a  s y r i n g e .
I t  was d e te rm in e d  t h a t  f o r  t h e  range  o f  sample s i z e s  t o  be en co u n te red  
the  d e t e c t o r  r e s p o n s e ,  a s  measured by peak h e i g h t ,  was a  l i n e a r  f u n c ­
t i o n  o f  the  volume o f  component.  Peak h e i g h t  was th e  d e s i r e d  r e sp o n s e  
because  o f  th e  speed and a c c u r a c y  w i th  which i t  cou ld  be m easured .
The c a l i b r a t i o n  d a t a  a r e  g iven  in  Tab le  V .
By f o r c i n g  a l e a s t  s q u a re s  s t r a i g h t  l i n e  th ro u g h  t h e  o r i g i n ,  
u s in g  a S tep w ise  M u l t i p l e  R e g r e s s io n  program a v a i l a b l e  a t  th e  L o u i s i a n a  
S t a t e  U n i v e r s i t y  Computer R esea rch  C e n te r ,  th e  r e s p o n s e  d a t a  was 
c o r r e l a t e d  by means o f  th e  f o l l o w in g  e x p r e s s i o n s :
Volume CgHg (m l . )  «■ (1 .70684)  ( c o r r e c t e d  e th a n e  peak h e i g h t )
and
Volume Nj (m l . )  ■ ( 0 . 5 1 7 8 4 ) ( c o r r e c t e d  n i t r o g e n  peak h e i g h t )
Peak h e i g h t s  a r e  in  c h a r t  u n i t s  o f  0 .1  i n c h e s ,  b u t  were a c t u a l l y  
measured w i th  a  r u l e r .  A l l  peak h e i g h t s  a r e  c o r r e c t e d  to  a  s t a n d a r d  
o u tp u t  a t t e n u a t i o n  o f  32. The n i t r o g e n  peak i s  c o r r e c t e d  f o r  th e  
h e i g h t  o f  t h e  a i r  peak by s u b t r a c t i n g  1 .7  c h a r t  u n i t s  f o r  a 50 m i c r o ­
l i t e r  sample .  This  c o r r e c t i o n  was d e te rm in ed  by I n j e c t i n g  50 m i c r o ­
l i t e r  samples  o f  pu re  e t h a n e ,  and d e t e r m in in g  th e  a v e ra g e  h e i g h t  o f  
t h e  a i r  peak .  The a v e ra g e  v a l u e s  f o r  th e  c o r r e c t e d  peak  h e i g h t s  a r e  







A t t e n u a t i o n
Raw Peak 
H e i g h t 1
C o r r e c t e d  _ _ 
Peak H e igh t  *
Ethane 15.0 8 35.2 8 .8 0
15.0 8 35.1 8 .7 8
15.0 8 35.1 8 .7 8
15 .0 8 35.1 8 .7 8
15.0 8 34.7 8 .6 8
Ethane 10.0 4 4 7 .1 5 .89
10.0 4 47.2 5 .90
10.0 4 47 .2 5 .90
10.0 4 47 .1 5 .89
10.0 4 47.2 5 .90
Ethane 5 .0 2 46 .6 2.91
5 .0 2 46.2 2 .89
5 .0 2 47 .4 2 .96
5 .0 2 46 .8 2 .92
5 .0 2 47.2 2 .95
N i t ro g e n 50 .0 32 99.1 97 .4
50 .0 32 9 8 .6 96 .9
50.0 32 98.1 9 6 .4
50 .0 32 98.1 9 6 .4
50 .0 32 97.7 96 .0
N i t ro g e n 25 .0 32 49.1 47 .9
25 .0 32 4 9 .3 48 .1
2 5 .0 32 4 9 .4 48 .2
25 .0 32 4 9 .6 4 8 .4
25 .0 32 4 9 .3 4 8 .1
1.  U n i t s o f  peak h e i g h t a r e  0 .1  i n .
2 .  Ethane peak h e i g h t s a r e  c o r re c te d -  t o  a s t a n d a rd a t t e n u a t i o n  o f  3\
3 .  N i t ro g e n  peak h e i g h t s  a r e  c o r r e c t e d  by s u b t r a c t i n g  th e  h e i g h t  o f  
th e  a i r  peak f o r  a  sample o f  th e  same s i z e  as  d e te rm in e d  from I n ­
j e c t i n g  pure  e t h a n e .
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Figures 8 and 9 , respectively.
U sing  t h e s e  e x p r e s s i o n s , t h e  c o n c e n t r a t i o n  o f  a  component can 
be c a l c u l a t e d  u s i n g  th e  I d e a l  gas  law and t h e  f a c t  t h a t  t h e  volume 
f r a c t i o n  i s  e q u a l  t o  t h e  mole f r a c t i o n .  Thus ,
, .  volume Amole7. A -  — :------ r — ;-----------   x 100volume A + volume B
where A and B a r e  t h e  two components .  A com puter  program was w r i t t e n  
in  F o r t r a n  IV language  f o r  t h e  IBM 7040 t o  c o n v e r t  raw peak h e i g h t  
d a t a  i n t o  t h i s  form.
2. Conduct  o f  E x p e r im e n ta l  Runs
Each e x p e r i m e n t a l  r u n  c o n s i s t e d  o f  t h e  f o l l o w i n g  f o u r  m a jo r
■»
s t e p s :
a .  Bed e q u i l i b r a t i o n .
b. E s t a b l i s h m e n t  o f  i n i t i a l  c o n d i t i o n s  on i n l e t  gas  s t r e a m .
c.  Data r u n .
d. Bed d e s o r p t i o n .
The bed was e q u i l i b r a t e d ,  t h a t  i s ,  the  i n i t i a l  c o n d i t i o n s  f o r  
th e  a b s o r b e n t  bed were e s t a b l i s h e d  by p a s s i n g  a  gas s t r e a m  w i th  t h e  
d e s i r e d  c o n c e n t r a t i o n  o f  a d s o r b a t e  th ro u g h  th e  bed u n t i l  e q u i l i b r i u m  
was r e a c h e d .  C a r r i e r  gas  and a d s o r b a t e  s u p p ly  p r e s s u r e s  were s e t  
a t  7 . 0  p s i g .  on PIC-1 and PIC-2 ,  r e s p e c t i v e l y .  Flow r a t e s  were s e t  
to  g iv e  t h e  d e s i r e d  c o n c e n t r a t i o n  u s i n g  t h e  r o t a m e t e r s ,  F I - 1  and 
F I - 2 .  R e p r o d u c ib l e  c o n c e n t r a t i o n s  were o b t a i n e d  by s e t t i n g  the  
V e r n i e r  i n d i c a t o r s  on th e  r e g u l a t i n g  v a l v e s ,  FCV-1 and FCV-2, t o  th e  
same s e t t i n g  each  t im e .  E q u i l i b r i u m  was e s t a b l i s h e d  w i t h  t h e  i n s u ­
l a t i o n  removed from t h e  column to  p e r m i t  a  f a s t e r  ap p ro a ch  t o  th e r m a l  
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Figure 9, Sample Volume versus Peak Height for Nitrogen
With th e  d e s i r e d  c o n c e n t r a t i o n  e s t a b l i s h e d  In th e  gas s t r eam  
f lo w in g  to  th e  bed ,  th e  a p p ro ach  t o  e q u i l i b r i u m  was m o n i to red  by 
two m ethods.  The f i r s t  was by f o l l o w i n g  t h e  bed t e m p e r a tu re  p r o f i l e .  
I f  d e s o r p t i o n  was t a k i n g  p l a c e  a t  a  g iv e n  p o i n t ,  t h e  t e m p e r a tu r e  a t  
t h a t  p o i n t  would be low. I f  a d s o r p t i o n  was t a k i n g  p l a c e  a t  a  g iv e n  
p o i n t ,  th e  t e m p e r a tu re  would be h i g h .  A c o n s t a n t  t e m p e r a tu r e  p r o f i l e  
th rough  t h e  bed i n d i c a t e d  e q u i l i b r i u m  had been  o b ta in e d  between the  
bed,  th e  gas s t r e a m ,  and th e  am bien t  c o n d i t i o n s  In  t h e  l a b o r a t o r y .
The second method was by m easu r ing  th e  a d s o r b a t e  c o n c e n t r a t i o n  In 
t h e  i n l e t  and e f f l u e n t  s t r e a m s .  When t h e s e  c o n c e n t r a t i o n s  were th e  
same, coupled  w i th  t e m p e r a tu r e  e q u i l i b r i u m ,  i t  was assumed t h a t  th e  
a d s o r b a t e  c o n c e n t r a t i o n  in  t h e  s o l i d  phase  was a t  e q u i l i b r i u m  w i th  
the  gas  phase  c o n c e n t r a t i o n .
A f t e r  bed e q u i l i b r i u m  was e s t a b l i s h e d ,  which to o k  a b o u t  s i x  
hours  on t h e  a v e r a g e ,  f low  was d i v e r t e d  from th e  column to  t h e  v e n t .  
The i n i t i a l  c o n d i t i o n s  were e s t a b l i s h e d  in  t h e  gas s t r e a m  u s in g  the  
r o t a m e t e r s  a s  i n d i c a t o r s .  The i n s u l a t i o n  was a l s o  a p p l i e d  t o  the  
column and th e  wet t e s t  m e te r  s e t  t o  z e r o .  The te m p e r a tu re  r e c o r d e r  
was s h u t  o f f  and advanced to  i n d i c a t e  c l e a r l y  where t h e  run  began.
The gas  chrom atograph  was checked to  d e te rm in e  t h a t  i t  was o p e r a t i n g  
p r o p e r l y .  The o u t p u t  a t t e n u a t i o n  was s e t  a t  4 b e cau se  t h i s  was th e  
h i g h e s t  s e n s i t i v i t y  r e q u i r e d  a t  any t im e .
To b e g in  t h e  r u n ,  t h e  f low was d i v e r t e d  from t h e  v e n t  to  the  
column by th ro w in g  th e  t o g g l e  v a l v e s  t o  c l o s e  th e  bypass  to  th e  v e n t  
and open th e  f low t o  th e  column. At t h e  same time th e  t e m p e r a tu r e  
r e c o r d e r  was t u rn e d  on and a gas  sample t a k e n  from t h e  bed .  From 
t h i s ^ o i n t ,  t h e  p r im a ry  em phas is  was on t a k i n g  and a n a l y z i n g  samples
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from t h e  bed. Samples were taken  a t  1 1/2  o r  2 m inu te  I n t e r v a l s ,  
depend ing  upon how r a p i d l y  c o n c e n t r a t i o n s  were chang ing .  Sampling 
was begun a t  a  p r e d e te rm in e d  p o i n t  In th e  bed.  When b re a k th ro u g h  
o c c u r re d  a t  t h a t  p o i n t ,  a s  i n d i c a t e d  by q u a l i t a t i v e  o b s e r v a t i o n s  of  
chromatograph r e s p o n s e ,  sam pl ing  of  th e  n e x t  p o i n t  was begun. Dur ing  
th e  c o u r se  o f  th e  ru n ,  f o u r  o r  f i v e  samples  o f  th e  feed  a t  t h e  i n l e t  
were t a k e n .  P o i n t s  where b r e a k th ro u g h  had o c c u r r e d  e a r l i e r  were r e ­
sampled a s  c o n d i t i o n s  a l lo w e d .
During  th e  ru n ,  t h e  d e t e c t o r  o u t p u t  a t t e n u a t i o n  was n o rm a l ly  s e t  
a t  4 .  Thus, th e  b a s e l i n e  was drawn a t  th e  most s e n s i t i v e  s e t t i n g .  
N e a r ly  f u l l - s c a l e  r e s p o n s e  was o b t a i n e d  f o r  n i t r o g e n  w i th  an a t t e n u ­
a t i o n  o f  32. T h e r e f o r e ,  a f t e r  t h e  sample was i n j e c t e d ,  t h e  r e c o r d e r  
was c a r e f u l l y  obse rved  and when th e  n i t r o g e n  peak began to  be observed  
the  a t t e n u a t i o n  was sw i tched  to  32. As th e  n i t r o g e n  peak decayed ,  
th e  o u t p u t  a t t e n u a t i o n  was sw i tched  back  to  4 t o  r e c o rd  the  e th a n e  
peak .  This  became a r o u t i n e  p r o c e d u re .
P e r i o d i c a l l y  d u r in g  th e  ru n ,  t h e  i n l e t  p r e s s u r e  was r e c o rd e d .  
O b s e rv a t io n s  were a l s o  made to  be c e r t a i n  t h a t  gas su p p ly  p r e s s u r e s  
and f low r a t e s  were rem a in in g  a t  t h e i r  s e t  p o i n t s .
When b r e a k th ro u g h  o c c u r re d  a t  t h e  bed o u t l e t ,  f low was d i v e r t e d  
from th e  column t o  t h e  v e n t .  S im u l t a n e o u s ly ,  th e  t e m p e r a tu r e  r e c o r d e r  
was s h u t  o f f .  Then th e  wet  t e s t  m e te r  was read  t o  d e te rm in e  th e  
volume o f  gas  t h a t  had p as sed  th ro u g h  th e  column. Without  chang ing  
th e  n i t r o g e n  gas  r a t e ,  t h e  e th a n e  a d s o r b a t e  f low was s h u t  o f f .  The 
v e n t  l i n e  was connec ted  to  the  wet t e s t  m e te r  which was c lo ck ed  f o r
r
one r e v o l u t i o n  to  d e te rm in e  a c c u r a t e l y  t h e  n i t r o g e n  f low r a t e .  At
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the  end o f  t h e  run the  wet t e s t  m e te r  was c a l i b r a t e d  by d i s p l a c i n g  
a i r  from a g ra d u a te d  c o n t a i n e r  th ro u g h  th e  m e te r .  Th is  c a l i b r a t i o n  
was assumed to  a p p ly  t o  t h e  run  j u s t  com ple ted .
The r e s u l t s  o f  t h e  r u n ,  in  a d d i t i o n  t o  the  f low and p r e s s u r e
d a t a ,  c o n s i s t e d  o f  th e  t e m p e r a tu r e  r e c o r d e r  c h a r t  and th e  gas  chrom ato­
graph r e c o r d e r  c h a r t .  The l a t t e r  two a l s o  s e rv e d  as c lo c k s  f o r  t h e  
ru n .  The te m p e r a tu re s  were r ead  from th e  c h a r t  and r e c o rd e d  on an 
IBM F o r t r a n  Coding Form, The chromatograph re sp o n se  was measured and 
reco rd ed  on an IBM F o r t r a n  Coding Form and th e  c o n c e n t r a t i o n s  were 
c a l c u l a t e d  as  i n d i c a t e d  e a r l i e r  i n  t h i s  c h a p t e r .
To p r e p a r e  f o r  th e  n e x t  r u n ,  th e  i n s u l a t i o n  was removed from
th e  column and a  s t ream  o f  pure  n i t r o g e n  fed to  t h e  bed u n t i l  tem pera ­
t u r e  i n d i c a t i o n s  showed t h a t  th e  bed had been  desorbed  s u f f i c i e n t l y .  
Then t h e  o p e r a t i n g  c y c l e  cou ld  b eg in  f o r  t h e  n e x t  run .
CHAPTER VI
EXPERIMENTAL RESULTS
This  c h a p t e r  p r e s e n t s  the  r e s u l t s  o f  t h e  e x p e r im e n ta l  runs  t h a t  
were conduc ted .  E thane  was ad so rb ed  from n i t r o g e n  c a r r i e r  gas  o n to  
P i t t s b u r g h  Type BPL a c t i v a t e d  ca rbon .  The r e s u l t s  a r e  g iven  i n  b o th  
t a b u l a r  and g r a p h i c a l  fo rm at  f o r  c l a r i t y  o f  i n t e r p r e t a t i o n .
Four d i f f e r e n t  runs  were made. These runs  a r e  summarized in  
Tab le  VI. I t  can be seen  t h a t  e x p e r im e n ta l  d a t a  were g a th e r e d  a t  
two d i s t i n c t l y  d i f f e r e n t  feed  c o n c e n t r a t i o n  l e v e l s .  At each  l e v e l  
two d i f f e r e n t  flow r a t e s  were examined. The e q u i l i b r i u m  c o n t e n t  o f  
t h e  bed i n i t i a l l y  was e s s e n t i a l l y  t h e  same f o r  a l l  r u n s .  A d d i t i o n a l l y ,  
the  f low r a t e s  f o r  Run Number 3 and Run Number 4 ,  which were a t  s i g -  
s n i f i c a n t l y  d i f f e r e n t  i n l e t  c o n c e n t r a t i o n s ,  were e s s e n t i a l l y  th e  same.
Gas phase  c o n c e n t r a t i o n  d a t a  a r e  p r e s e n t e d  i n  T a b le s  VII-X.
Shown a r e  b o th  th e  mole p e r c e n t  e th a n e  and the  d im e n s lo n le s s  gas 
phase  a d s o r b a t e  c o n c e n t r a t i o n ,  Y. Time from th e  s t a r t  o f  feed  to  
the  column i s  g iven  w i th  bed p o s i t i o n  f o r  each sample t a k e n .  The 
t ra n s fo rm ed  t im e ,  t , I s a l s o  g iv e n .  This  i s  th e  c o r r e c t  t ime to  com­
p a re  w i t h  t h e o r e t i c a l  r e s u l t s .  I t  was c a l c u l a t e d  by r e d u c in g  ( t )  
by the  l a g  be tween th e  feed  s w i t c h i n g  p o i n t  and t h e  top o f  the  bed as  
w e l l  a s  the  y * c o r r e c t i o n  f o r  t h e  l a g  between th e  f r o n t  o f  th e  bed and 
a p a r t i c u l a r  p o i n t  i n  t h e  bed.
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F ig u re s  10-13,  show the  gas phase  c o n c e n t r a t i o n  d a t a  from 
T a b le s  VII-X,  i n  a g r a p h i c a l  r e p r e s e n t a t i o n .  The d im e n s io n le s s  con­
c e n t r a t i o n s  a r e  g iv en  in  th e  form o f  b r e a k th ro u g h  cu rv es  p l o t t e d
a g a i n s t  th e  u n c o r r e c t e d  t im e ,  t .  Where n e c e s s a r y  f o r  c l a r i t y ,  i n ­
d i v i d u a l  p o i n t s  a r e  l a b e l e d  a c c o r d i n g  t o  bed p o s i t i o n .  O th e rw ise ,  
p o i n t s  a t  a g iven  p o s i t i o n  in  t h e  bed a r e  connec ted  by a l i n e  which 
r e p r e s e n t s  t h e  b r e a k th ro u g h  a t  t h e  p o i n t .
Tempera ture  wave d a t a  a r e  p r e s e n t e d  in  F ig u re s  14-17.  Each 
p o i n t  was measured once e v e ry  s i x t y  seco n d s .  Thus, t h e r e  i s  a c t u a l l y  
a  f i v e  second lag  between s u c c e s s i v e  p o i n t s .  To s i m p l i f y  p l o t t i n g ,  
a l l  t e m p e ra tu re s  taken  between ze ro  and one m inu te  were p l o t t e d  as  
i f  t h e y  had been r ead  a t  one m in u te ,  e t c .
In  t h e  n e x t  c h a p t e r  th e  d a t a  p r e s e n t e d  h e r e  w i l l  be an a ly z e d
w i th  th e  a i d  o f  t h e  t h e o r e t i c a l  t r e a t m e n t  o f  Chapter  I I .
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TABLE V I
SUMMARY OF EXPERIMENTAL RUNS PERFORMED
Run Number 
C a r r i e r  Gas 
A dso rba te
Measured Q u a n t i t i e s
C a r r i e r  Gas R a te ,  c c . / m i n .  
a t  S.C.
A d s o rb a te  C on ten t  o f  Feed,  





A d so rb a te  C on ten t  o f  Gas
I n i t i a l l y  a t  E q u i l i b r i u m  1 .75  
w i th  Bed, mole p e r c e n t .
Mass V e l o c i t y  o f  T o t a l  Feed,  
lb .  / ( h r . ) ( f t . 2 ) .
Feed T e m pe ra tu re ,  T , °F.GO
I n i t i a l  S o l id  Tem pera tu re ,
T °F AS0*
I n l e t  p r e s s u r e ,  p s i a .  





^ i ’ l b .  a d s o r b a t e / l b .  gab 0.0829
































i * l b ,  a d s o r b a t e / l b .  s o l i d  0 .0269 0 .0281 0 .0200 0.01802
o* lb .  a d s o r b a t e / l b .  s o l i d  0 .01195 0 .01258 0 .0122 0.01117
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TABLE V II
EXPERIMENTAL GAS PHASE CONCENTRATION DATA 
Run No. 2
= 7 .74  mole p e r c e n t  e th an e  
yQ = 1 .75  mole p e r c e n t  e th a n e
Time ( t )  
m inu tes
Bed
P o s i t i o n
Mole P e r c e n t  
E thane Y
Trans  f< 
Time $  ) ,
0 .0 2 1.78 0 .005 - 0 .2
2 .0 2 1.92 0 .028 1.8
4 .0 2 ’ 2 .0 0 0.041 3 .8
6 .0 2 1.91 0.027 5 .8
8 .0 1 7.83 1.016 7 .8
10.0 2 3.43 0 .280 9 .8
12.0 2 5.69 0 .658 11.8
14.0 3 1.79 0.007 13.7
16.0 2 6.81 0 .844 15.8
18.0 3 2 .00 0.042 17.7
22 .0 3 2 .32 0 .0 9 6 21.7
24 .0 2 7.36 0.936 23 .8
26 .0 3 5.90 0.692 25.7
28 .0 3 6.25 0.752 27.7
30 .0 4 1.89 0 .023 29.7
32.0 2 7.52 0 .963 31 .8
34.0 4 3.52 0.296 33.7
36.0 4 4 .9 4 0.533 35.7
38.0 4 5.56 0.636 37.7
40 .0 3 7.12 0.896 39.7
42 .0 5 1.69 •0.011 41 .6
4 4 .0 4 6.49 0.791 43 .7
4 6 .0 5 3.53 0.297 45 .6
4 8 .0 5 4 .8 9 0.525 47 .6
50 .0 5 5.65 0.652 49 .6
52 .0 4 7.11 0 .895 51.7
54.0 1 7.71 0.995 53 .8
56.0 6 1.69 -0 .0 1 0 55.6
58 .0 5 6 .83 0 .849 57.6
60 .0 6 4 .01 0.377 59.6
62 .0 6 5.11 0.561 61 .6
64 .0 6 5 .80 0 .6 7 6 63 .6
68 .0 7 1 .74 -0 .0 0 2 67 .5
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TABLE V II  ( C o n t i n u e d )
EXPERIMENTAL GAS PHASE CONCENTRATION DATA 
Run No. 2
y^ ■ 7 .74  mole p e r c e n t  e th a n e
y -  1 .75•'o mole p e r c e n t e th a n e
Time ( t ) Bed Mole P e r c e n t Trans  fc
m inu tes P o s i t i o n Ethane Y Time ( t) ,
70 .0 6 6 .54 0.799 69 .6
72 .0 7 3.61 0.311 71.5
74.0 7 4 .5 4 0.466 73.5
76.0 7 5.24 0.583 75 .5
78.0 1 7 .68 0.990 77.8
80 .0 7 5.97 0.704 79.5
82 .0 8 1.86 0.019 81 .5
8 4 .0 6 7.02 0 .880 83 .6
8 6 .0 8 3.78 0.339 85.5
8 8 .0 8 4 .5 9 0 .473 8 7 .5
90 .0 9 2.18 0.071 8 9 .5
92 .0 9 2.84 0.182 91.5
9 4 .0 8 6.09 0.725 93.5
9 6 .0 9 4 .45 0.451 95 .5
98 .0 9 4 .89 0.525 97 .5
100.0 1 7.73 0.998 99.8
102.0 1 7.74 1.001 101.8
104.0 9 6 .29 0.759 103.5
106.0 2 7.57 0.972 105.8
108.0 3 7.54 0.966 107.7
110.0 4 7.47 0.954 109.7
112.0 5 7.40 0.943 111.6
114.0 6 7.29 0.925 113.6
116.0 7 7.21 0.912 115.5
118.0 8 6.95 0.868 117.5
120.0 9 6 .98 0.873 119.5
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TABLE V I I I
EXPERIMENTAL GAS PHASE CONCENTRATION DATA
Run No. 3
y^ -  8 .22  mole p e r c e n t e th an e
yQ ** 2 .01  mole p e r c e n t e th a n e
Time ( t ) , Bed Mole P e r c e n t T ra n s f
m inu tes P o s i t i o n Ethane Y Time ( t )
0 .0 3 2.02 0.001 -0 .2
1 .5 3 ' 1.91 -0 .0 1 6 1 .3
3 .0 3 1.96 -0 .007 2 .8
4 .5 1 8 .31 1.015 4 . 4
6 .0 3 1.96 -0 .008 5 .8
7 .5 3 2.05 0.006 7 .3
9 .0 3 2.21 0.033 8 .8
10.5 1 8 .26 1.007 10.4
12.0 3 2.12 0.017 11.8
13.5 3 2.41 0.065 13.3
15.0 3 4 .08 0.333 14.8
16.5 3 5.88 0.624 16.3
18 .0 3 6.51 0.724 17.8
25 .5 3 7.44 0.875 25 .3
2 7 .0 5 1.94 -0 .011 26.7
28 .5 3 7.69 0.915 28 .3
30 .0 5 2 .63 0.099 29.7
32 .0 5 4 .9 0 0.465 31.7
34 .0 5 6.05 0.651 33.7
36 .0 5 6.68 0.752 35.7
38 .0 6 2 .26 0 .041 37.7
4 0 .0 6 3.99 0 .319 39.7
4 2 .0 5 7.38 0.865 4 1 .7
4 4 .0 7 2.00 -0 ,0 0 1 4 3 .7
4 6 .0 7 2.14 0.021 4 5 .7
4 8 .0 7 3.11 0.176 4 7 .7
5 0 .0 7 4 .97 0.476 49 .7
52 .0 7 5.85 0 .619 51.7
54 .0 8 2 .13 0.019 53 .6
56 .0 7 6 .67 0.750 5 5 .7
5 8 .0 8 4 .3 4 0.374 5 7 .6
6 0 .0 9 2 .39 0 .061 5 9 .6
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TABLE V I I I  ( C o n t i n u e d )  
EXPERIMENTAL GAS PHASE CONCENTRATION DATA 
Run No. 3
y t  “ 8 .22 mole p e r c e n t e th a n e
y o -  2 .0 1 mole p e r c e n t e th a n e
Time ( t ) , Bed Mole P e r c e n t Trans fi
m inu tes P o s i t i o n Ethane Y Time ( t )
61 .5 9 3.16 0 .185 61 .1
63 .0 9 4 .0 9 0. 336 62 .6
64 .5 9 4 .9 8 0 .478 64,1
66 .0 9 5 .55 0 .570 65 .6
67.5 9 5 .98 0 .639 67.1
69 .0 1 8 .3 0 1.012 68.9
70.5 9 6 .87 0 .783 70.1
72 .0 1 8.17 0 .993 71.9
74 .0 2 8 .12 0 .985 73.8
77.5 4 7.97 0 .960 77.3
79.0 5 7.74 0.922 78.7
80 .5 6 7.80 0.932 80 .2
8 2 .0 3 7.92 0 .952 8 1 .8
8 3 .5 7 7 .70 0.917 83 .2
8 5 .0 8 7 .65 0 .908 84 .6
86.5 9 7.54 0 .890 86 .1
8 8 .0 1 8 .17 0 .992 87 .9
89 .5 1 8 .0 9 0 .979 89.4
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TABLE IX
EXPERIMENTAL GAS PHASE CONCENTRATION DATA
Run No. 4
y^ * 4 . 6 9  mole p e r c e n t e th a n e
yQ * 1 .89 mole p e r c e n t e th a n e
Time ( t ) Bed Mole P e r c e n t Trans;
m inu tes P o s i t i o n Ethane Y Time ( t)
0 .0 3 ’ 1.74 -0 .052 -0 .2
2 .0 1 4 .8 1 1.042 1.9
A. 0 3 1.77 -0 .044 3.8
6 .0 1 4 .77 1.027 5 .9
8 .0 3 1.79 -0 .034 7.8
10.0 2 3.24 0.483 9 .8
12.0 2 3 .86 0.705 11.8
1A.0 3 1.80 -0 .033 13.8
15.5 3 1.98 0.031 15.3
17 .0 3 2.11 0.077 16.8
18.5 3 2 .46 0.202 18.3
2 3 .0 3 3.86 0.704 22 .8
2A.5 3 3.91 0. 722 24 .3
26 .0 3 4 .0 3 0. 765 25.8
30 .0 1 4 .6 8 0.998 29.9
32.0 4 3 .20 0.468 31.8
33.5 5 1.97 0.029 33.2
35 .0 5 1.98 0 .031 34.7
36.5 5 2.02 0.045 36.2
38 .0 5 2 .19 0.106 37.7
39.5 5 2.45 0 .200 39.2
4 1 .0 5 2 .84 0.339 4 0 .7
4 2 .5 5 3 .14 0.447 4 2 .2
4 4 .0 5 3 .46 0 .560 4 3 .7
4 5 .5 5 3.59 0.609 4 5 .2
4 7 .0 5 3.73 0 .656 4 6 .7
4 8 .5 1 4 .7 0 1.005 4 8 .4
5 0 .0 5 4 .0 7 0 .779 4 9 .7
51 .5 7 2.01 0 .043 51.1
53 .0 3 4 .17 0 .813 52.8
54 .5 7 2 .00 0.041 54.1
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TABLE IX ( C o n t i n u e d )
EXPERIMENTAL GAS PHASE CONCENTRATION DATA
Run No. 4
y^ ■ 4 .6 9  mole p e r c e n t e th a n e
yQ " 1 .89 mole p e r c e n t e th a n e
Time ( t ) Bed Mole P e r c e n t Trans  fc
m inu tes P o s i t i o n E thane Y Time ( t)
56 .0 5 4 .3 0 0 .860 55.7
57.5 7 1.96 0 .025 57.1
59 .0 7 1.97 0 .028 58 .6
60.5 7 2 .18 0 .104 60.1
62.0 7 2 .40 0 .184 6 1 .6
63 .5 7 2 .59 0 .248 63.1
65 .0 7 ’ 2 .94 0. 375 64. 6
66 .5 7 3 .26 0 .488 66.1
68 .0 7 3 .46 0.562 6 7 .6
69 .5 7 3.64 0 .627 69.1
71 .0 9 1.93 0.015 70.6
72.5 9 1.89 0 .000 72.1
74.0 7 3.91 0. 723 73.6
75.5 9 1.97 0 .029 75.1
77.0 9 2.01 0 .042 76.6
78.5 9 2 .15 0 .093 78.1
8 0 .0 9 2 .41 0 .184 79.6
81 .5 9 2 .71 0.294 81.1
8 3 .0 9 2 .81 0. 330 82 .6
84 .5 9 3 .04 0 .410 84.1
8 6 .0 9 3 .26 0 .488 8 5 .6
87 .5 9 3.42 0.547 87 .1
8 9 .0 1 4 .5 2 0 .940 88 .9
9 0 .5 3 4 .4 6 0 .918 90 .3
9 2 .0 9 3.73 0 .656 9 1 .6
93 .5 5 4 .3 4 0.875 93 .2
9 5 .0 7 4 .3 6 0 .882 9 4 .6
9 6 .5 9 4 .0 4 0 .768 96 .1
9 8 .0 1 4 .6 6 0 .988 9 7 .9
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TABLE X
EXPERIMENTAL GAS PHASE CONCENTRATION DATA
Run No. 5
y^ ■ 3 .96  mole p e r c e n t e th a n e
yQ = 1 .65  mole p e r c e n t e th a n e
Time ( t ) Bed Mole P e r c e n t Tram
m inu tes P o s i t i o n Ethane Y Time ( t)
0 .0 3 1.63 -0 .0 0 7 - 0 .2
1.5 1 ’ 4 .11 1.064 1.4
3.0 3 1.74 0.039 2 .8
4 .5 3 1.79 0 .059 4 . 3
6 .0 3 1.62 -0 .0 1 4 5 .8
7 .5 3 1.63 -0 .009 7.3
9 .0 3 1.77 0 .0 5 0 8 .8
10,5 3 1. 76 0 .048 10.3
12.0 3 1.77 0 .053 11.8
13.5 3 1.97 0 .140 13.3
15 .0 3 2. 74 0.472 14.8
16.5 3 3 .06 0 .6 1 0 16.3
18.0 3 3 .26 0 .698 17.8
19.5 3 3 ,46 0 .783 19.3
21 .0 1 3 .97 1.002 20 .9
22 .5 5 1.68 0 .014 22 .3
2 4 ,0 3 3.71 0 .8 9 0 23 .8
25 .5 5 1.72 0 .030 25 .3
27 .0 5 1.82 0.072 26 .8
28 .5 5 1.95 0 .130 28 .3
3 0 .0 5 2 .25 0 .262 29 .8
31.5 5 2 .56 0.392 31.3
33 .0 5 2. 78 0 .489 32.8
34.5 5 3 .06 0 .608 34.3
36 .0 5 3.19 0 .667 35.8
37.5 5 3.28 0 .707 37 .3
39 .0 1 3 .94 0.991 38.9
4 0 .5 5 3 .45 0 .7 8 0 4 0 .3
4 2 .0 7 1.67 0 .0 1 0 4 1 .7
4 3 .5 3 3.77 0.916 4 3 .3
4 5 .0 7 1.85 0 .087 4 4 .7
4 6 .5 5 3.66 0 .8 7 0 4 6 .3
8T
TABLE X ( C o n t i n u e d , 1
EXPERIMENTAL GAS PHASE CONCENTRATION DATA
Run No. 5
■ 3 .96  mole
y » 1 , 6 5  moleJ o
p e r c e n t
p e r c e n t
e th a n e
e th a n e
Time ( t ) Bed Mole P e rc e n t Tran
m inu tes P o s i t i o n Ethane Y Time ( t)
4 8 .0 7 2.34 0 .299 47 .7
4 9 .5 7 2 .56 0 .396 4 9 .2
5 1 .0 7 2.79 0 .494 50 .7
52 .5 7 2.96 0 .567 52 .2
54 .0 7 3.05 0.604 53 .7
55 .5 9 ’ 1.64 -0 .0 0 6 55.2
57 .0 9 1.74 0 .037 56 .7
58 .5 7 3 .38 0.749 58 .2
60 .0 9 1.96 0.132 59.7
61 .5 9 2 .04 0.170 61.2
63 .0 9 2 .2 0 0 .240 62 .7
64 .5 9 2 .40 0. 327 64.2
66 .0 9 2 .73 0 .469 65 .7
67 .5 9 2 .83 0.511 67.2
69 .0 1 3.88 0.968 68 .9
70.5 9 3.18 0.664 70.2
73.5 9 3.19 0.669 73.2
7 5 .0 5 3.73 0.903 74.8
76.5 9 3.13 0.640 76 .2
78 .0 7 3.59 0.839 77.7
79 .5 9 3 .45 0 .778 79.2
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Figure 13, Experimental Gas Phase Concentration, Run No. 5
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Figure 17, Experimental Bed Temperature Data, Run No. 5
CHAPTER V I I
DISCUSSION OF RESULTS
1. A ccuracy  o f  th e  N um er ica l  Method
In  C h a p te r  I I  a m a th e m a t i c a l  model d e s c r i b i n g  a n o n - i s o t h e r m a l ,  
f i x e d - b e d  a d s o r b e r  was d e v e lo p e d .  The f i n a l  form o f  t h e  model i s  
g iv e n  by e q u a t i o n s  ( 2 -9 7 )  th ro u g h  (2 -1 0 1 )  w i th  th e  a p p r o p r i a t e  boun­
d a r y  c o n d i t i o n s .  In  C h a p te r  I I I  a n u m e r ic a l  method f o r  s o l v i n g  th e
*
model was o b t a i n e d .  T h i s  method was implemented in  t h e  form o f  
F o r t r a n  IV programs f o r  t h e  IBM 7040 computer  a t  th e  L o u i s i a n a  S t a t e  
U n i v e r s i t y  Computer R e s e a rc h  C e n te r .
The f i r s t  q u e s t i o n  to  be answered i s :  Does t h e  n u m e r ic a l  s o l u ­
t i o n  o b t a i n e d  by t h e  methods d e r i v e d  in  C h a p te r  I I I  r e p r e s e n t  the 
t r u e  s o l u t i o n  t o  t h e  model d e r i v e d  in  C h a p te r  I I ?  When t h i s  has  been 
a n sw ered ,  i t  w i l l  t h e n  be o f  i n t e r e s t  to  u se  t h e  computed s o l u t i o n s  
t o  a n a ly z e  t h e  e x p e r i m e n t a l  d a t a  p r e s e n t e d  i n  C h a p te r  VI.
S e v e r a l  methods can be used  to  d e te rm in e  w h e th e r  t h e  p roposed  
n u m e r ic a l  s o l u t i o n  r e p r e s e n t s  t h e  t r u e  s o l u t i o n .  At t h e  i n l e t  to
th e  bed where Z = 0 t h e  c o m p o s i t io n  o f  t h e  gas i s  c o n s t a n t  a t  Y = 1 .0 .
*
For  a l i n e a r  I s o th e r m  W ■ Y. Under t h e s e  c o n d i t i o n s  i t  i s  p o s s i b l e  
t o  e v a l u a t e  e q u a t i o n  ( 2 -9 8 )  a n a l y t i c a l l y .  T h i s  s o l u t i o n  r e p r e s e n t s  
t h e  f r a c t i o n a l  s a t u r a t i o n  as  a f u n c t i o n  o f  t ime o f  a  s i n g l e  s p h e r e  
i n i t i a l l y  a t  a u n i fo rm  c o n c e n t r a t i o n ,  W -  0 . 0 ,  exposed t o  a f l u i d  o f
c o n s t a n t  c o m p o s i t i o n ,  Y "  1 .0 .  Crank^ p r e s e n t s  t h e  r e s u l t s  o f  t h e
96
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same problem g r a p h i c a l l y  f o r  v a r i o u s  v a lu e s  o f  th e  p a r a m e te r  L.
24
Newman t a b u l a t e s  th e  r e s u l t s .  The n u m er ic a l  s o l u t i o n  o f  e q u a t io n  
(3 -20 )  and e q u a t io n  (3 -35 )  f o r  the  f i r s t  t ime s t e p ,  u s in g  a l i n e a r  
I so th e rm  and under  i s o t h e r m a l  c o n d i t i o n s  s h o u ld ,  when e v a l u a t e d  a t  
Z ■ 0, g iv e  t h e  same r e s u l t .  F ig u re  18 shows t h e  compar ison  between 
r e s u l t s  c a l c u l a t e d  by the  methods o f  t h i s  r e s e a r c h  p r o j e c t  and th o se  
o f  Crank f o r  L ■ 1 .0  and 10 .0 .  The agreement  i s  c o n s id e r e d  to  be 
e x c e l l e n t .  In  F ig u re  19 th e  comparison f o r  L -  ® i s  g iv e n .  I t  i s  
c o n s id e re d  to  be v e r y  good. Tab le  XI , compares the  n u m e r ic a l  s o l u t i o n  
t o  Newman's t a b u l a t e d  d a t a .  The agreement  a t  L -  1 .0  i s  e x c e l l e n t  
and a t  L = 10 .0  and L = ® ' i t  i s  good.
The s o l u t i o n  a t  th e  f r o n t  boundary  was used to  d e te rm in e  the  
s i z e  o f  t h e  t ime in c rem en ts  and th e  number o f  terms o f  th e  i n f i n i t e  
s e r i e s  t o  r e t a i n .  I t  was ea sy  to  have th e  computer  p r i n t  each  t e r m ' s  
c o n t r i b u t i o n  to  W and to  d e te rm in e  where su b seq u en t  terms became 
z e ro .  From t h i s  i n f o r m a t i o n  i t  was dec ided  to  r e t a i n  s i x  terms and 
s e t  A0 = 0 .01  u n t i l  9 reached  0 .3 0 .  T h e r a f t e r ,  two terms were r e ­
t a i n e d  and A0 i n c r e a s e d  to  0 . 1 .  Of c o u r s e ,  i n  the f i r s t  s t e p  twenty  
terms were used f o r  f i n i t e  v a lu e s  o f  L and twenty  o r  t h i r t y  when L 
was i n f i n i t e .  The d i f f e r e n c e  between twenty  and t h i r t y  terras was 
n e g l i g i b l e .  The number o f  terms r e t a i n e d  and th e  s i z e  o f  th e  time 
Increm ents  were th e  same f o r  a l l  problems t h a t  were cun.  I t  i s  f e l t  
t h a t  t h i s  was p o s s i b l e  because  c o n d i t i o n s  a t  t h e  f r o n t  o f  th e  bed 
a t  th e  e a r l y  v a l u e s  o f  0 r e p r e s e n t e d  the  most s e v e re  c o n d i t i o n s  t o  
be e n c o u n te r e d .  At  o t h e r  p o i n t s  i n  the  bed ,  o r  s o l u t i o n  g r i d ,  d r i v i n g  
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Figure 18, Comparison of  Numerical So lut ion for Zero Bed Depth to  
Analyt ical  Solut ion for L=1 and L=10
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Figure 19, Comparison o f  Numerical Solut ion at Zero Bed 
Depth to  Analyt ical  Solut ion  for L= 00
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TABLE XI
COMPARISON OF NUMERICAL SOLUTIONS AT ZERO BED 
DEPTH TO TABULATED VALUES FOR ANALYTICAL SOLUTIONS.24
Dim. L ■ 1 , 0 L = 10 .0 L - CO
Time,
e
Num. A n a ly t . Num. A n a ly t . Num. A n a ly t
0.01 0.028 0.028 0 .161 0.174 0 .2858 0.31
0 .1 0.229 0.229 0.657 0 .664 0.757 0 .774
0 .2 0.398
1
0 .400 0.851 0 .847 0.902 0.916
0 .3 0 .530 0 .530 0.935 0.9317 0.955 0.969
0 .4 0.633 0.633 0.975 0.9694 0.976 0.988
0 .5 0 .714 0.713 0.993 0.9863 0.9842 0.9957
0 .6 0.777 0.776 1.001 0.9939 0.9872 0.9984
0 .8 0.865 0 .863 1.006 0.9987 0.9887 0.9998
1 .0 0 .9185 0.9165 1.007 0.9998
1 .5 0 .9780 0.9757
2 .0 0 .9954 0.9929
3 .0 1.0019 0 .9994
101
as g r e a t .
A no the r  means o f  e v a l u a t i n g  th e  a c c u r a c y  o f  the s o l u t i o n  o b ta in e d
i s  to  compare b r e a k th ro u g h  cu rv es  a t  th e  bed o u t l e t  to  a n a l y t i c a l
27
s o l u t i o n s  f o r  s p e c i a l  c a s e s .  Rosen p r e s e n t s  such s o l u t i o n s  f o r  a 
l i n e a r  i so th e rm  and i s o t h e r m a l  c o n d i t i o n s .  S e t t i n g  n ■ 1 .0  In  the  
e q u i l i b r i u m  r e l a t i o n s h i p ,  and s e t t i n g  th e  h e a t  g e n e r a t i o n  p a r a m e te r ,  
K^, to  z e ro  c r e a t e d  a comparable  s i t u a t i o n .  R o s e n 's  p a r a m e te r s  com- 
p a re  to  t h o s e  h e r e  as  fo l lo w :





In  F ig u r e  20, n u m e r ic a l  r e s u l t s  f o r  L «■ 1 .0  a r e  compared to  R o s e n 's  
d a t a  f o r  t h r e e  v a lu e s  o f  th e  dimens i o n l e s s  bed l e n g t h ,  K^. The 
agreem ent  i s  s een  to  be e x c e l l e n t .  In  F ig u re  21 s i m i l a r  r e s u l t s  
a r e  g iv en  f o r  th e  case  where L -  The agreement  i s  n o t  as  good.
When i s  13 .3 3 ,  the  b r e a k th ro u g h  t ime a t  Y = 0 .5 3 5  i s  97 p e r c e n t  of  
the  t r u e  v a l u e .  At Y = 0 .1 0  th e  b re a k th ro u g h  c a l c u l a t e d  by th e  numer­
i c a l  method i s  95 p e r c e n t  o f  th e  a n a l y t i c a l  s o l u t i o n .  N e v e r t h e l e s s ,  
i t  i s  f e l t  t h a t  t h e  n u m e r ic a l  methods deve loped  i n  t h i s  r e s e a r c h  a r e  
s u f f i c i e n t l y  a c c u r a t e  t o  w a r r a n t  t h e i r  f u r t h e r  c o n s i d e r a t i o n .
I t  shou ld  be p o in t e d  o u t  t h a t  = 6 .67  can be o b t a i n e d  from a 
s o l u t i o n  where -  13.33 by t a k i n g  th e  r e s u l t s  a t  Z ■ 0 . 5 ,  e t c .  Th is
m ere ly  s t a t e s  t h a t  what  o ccu rs  a t  a p o i n t  i n  a bed i s  n o t  a f f e c t e d  
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Figure 21, Comparison of  Numerical to  Analyt ica l  Breakthrough 
Curves for L= 00
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By m od ify in g  th e  computer  program s l i g h t l y ,  I t  was p o s s i b l e
Co remove t e m p o r a r i l y  th e  In te rd e p e n d e n c e  o f  th e  c o n c e n t r a t i o n  and
ene rgy  r e l a t i o n s h i p s .  Having done t h i s ,  i f  and a r e  s e t  eq u a l
to  z e r o ,  e q u a t i o n s  (2 -9 9  and 2-100)  a r e  th e  e q u a t i o n s  f o r  an a d i a b a t i c
f i x e d - b e d ,  g a s - s o l i d  h e a t  r e g e n e r a t o r .  These a r e  t h e  e q u a t i o n s  f o r  
29 11which Schumann and Furnas  o b t a i n e d  s o l u t i o n s  and p u t  th e  r e s u l t s
i n  th e  form o f  c h a r t s .  S i m i l a r  c h a r t s  have been deve loped  by Hougen
and M a r s h a l l ^  By a r b i t r a r i l y  s e t t i n g  th e  i n i t i a l  s o l i d  t e m p e r a tu re
a t  8S°F. and the  i n l e t  gas  t e m p e r a tu r e  a t  7 5 ° F . ,  t h e  s o l i d  t e m p e r a tu r e
Tg, c a l c u a t e d  by th e  methods o f  t h i s  r e s e a r c h  could  be compared w i th
17t h e  d e s ig n  c h a r t s .  The r e s u l t s  o f  t h i s  compar ison  a r e  g iven  i n  
F ig u re  22. The agreem ent  i s  e x c e l l e n t .
Thus, i t  has  been e s t a b l i s h e d  t h a t  t h e  n u m e r ic a l  s o l u t i o n  to  t h e  
model a g r e e s  c l o s e l y  w i th  s e v e r a l  s p e c i a l  c a s e s  f o r  which a n a l y t i c a l  
s o l u t i o n s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  From t h i s  i t  i s  i n f e r r e d  
t h a t  t h e  s o l u t i o n s  o b t a i n e d  f o r  more g e n e r a l  c a s e s ,  i n c l u d i n g  non­
l i n e a r  i so th e rm s  and n o n - i s o t h e r m a l  c o n d i t i o n s ,  t r u l y  r e p r e s e n t  the  
s o l u t i o n  to  the  model p roposed  in  e q u a t i o n s  (2 -97 )  t o  (2 -1 0 1 ) .
2.  Q u a l i t a t i v e  E f f e c t s  o f  Vary ing  P a ram e te rs
B efore  a t t e m p t i n g  t o  a n a ly z e  t h e  e x p e r im e n ta l  d a t a ,  i t  w i l l  be 
h e l p f u l  to  d e te rm in e  th e  d i r e c t i o n a l  e f f e c t  o f  v a r y i n g  c e r t a i n  p a r a ­
m e t e r s .  In  F ig u re  23 can be seen  the e f f e c t  on t h e  s o l i d  phase  tem­
p e r a t u r e  o f  v a r y i n g  th e  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h ,  between th e  gas 
and s o l i d  p h a s e s .  From an e q u a t io n  g iv e n  by Hougen and M a r s h a l l ^  
t y p i c a l  v a lu e s  o f  h were d e te rm in e d  and used to  c a l c u l a t e  t h e  r e l a t e d  










Analyt ical  Solut ion  
Numerical Solut ion76
75
0 1 2  3 4 5
e
Figure 22, Comparison of  Energy Balance Solution to an 
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23, E f fe c t  o f  Interphase Heat Transfer  
i c i e n t  on S o l id  Phase Temperature
107
th e  c a se  where i s  e q u a l  to  258 ,0  and i s  17 .1 .  The c i r c l e s  
r e p r e s e n t  th e  c a se  where t h e  h e a t  t r a n s f e r  p a r a m e te r s ,  and K^, a r e  
o n e - h a l f  o f  t h o se  v a l u e s .  I t  can be s een  t h a t  t h e r e  I s  no s i g n i f i c a n t  
e f f e c t  on Tg. T h e r e f o r e ,  i t  can be concluded t h a t  In t h e  range  o f  
t h e s e  parameters to be e n co u n te re d  sig n ifica n t variations w ill have 
l i t t l e  e f f e c t .  I n  o t h e r  w ords ,  h e a t  t r a n s f e r  between phases  i s  n o t  
l i m i t i n g .
The e f f e c t s  o f  v a r i a t i o n s  o f  th e  h e a t  l o s s  p a r a m e te r ,  K^, on 
th e  s o l i d  t e m p e r a tu r e  a r e  shown in  F ig u re  24. I n c r e a s i n g  v a l u e s  o f  
have th e  e f f e c t  o f  lo w er in g  th e  maximum te m p e r a tu r e  a t  a p o i n t  and
T
c a u s in g  a more r a p i d  drop in  t e m p e r a tu r e  a f t e r  t h e  maximum. This  
e f f e c t  i s  s i g n i f i c a n t  b ecau se  i t  a l s o  a f f e c t s  t h e  shape o f  t h e  b r e a k ­
th ro u g h  cu rve  as  shown in  F ig u r e  25. The s lo p e  o f  th e  upper  p o r t i o n  
o f  t h e  b r ea k th ro u g h  curve  d e c r e a s e s  more r a p i d l y  a s  i s  i n c r e a s e d .
The e f f e c t  on t h e  lower  p o r t i o n  o f  t h e  c u rv e  i s  n e g l i g i b l e  when con­
s i d e r e d  r e l a t i v e  to  t h e  t ime a x i s .  The change in  t h e  u pper  p a r t  i s  
b e cau se  a t  h i g h e r  h e a t  l o s s  r a t e s  th e  p o r t i o n  o f  t h e  bed ahead o f  the  
p o i n t  under  c o n s i d e r a t i o n  i s  c o o l i n g  more r a p i d l y .  T h is  p e r m i t s  
a d d i t i o n a l  a d s o r p t i o n  to  o ccu r  and slows th e  b re a k th ro u g h  a t  h ig h  con­
c e n t r a t i o n  l e v e l s .
The f i n a l  q u a l i t a t i v e  e f f e c t  to  be d e s c r i b e d  i s  th e  e f f e c t  o f  th e  
p a ra m e te r  L. L r e p r e s e n t s  th e  r a t i o  of  t h e  e x t e r n a l  f i lm  mass t r a n s f e r  
c o e f f i c i e n t  to  th e  i n t r a p a r t i c l e  d i f f u s i v i t y .  When L i s  i n f i n i t e ,  i n ­
t r a p a r t i c l e  d i f f u s i o n  i s  t h e  c o n t r o l l i n g  r e s i s t a n c e .  F ig u re  26 shows 
th e  e f f e c t  o f  v a r y in g  L on th e  n a t u r e  of  th e  gas  phase  b r e a k th ro u g h  
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Figure 26, Effect of the Parameter L on the 
Breakthrough Curve
Ill
s t e e p  t h a n  f o r  L “ 1 0 .0 .  F u r t h e r ,  I t  can be s een  t h a t  t h e  c u rv e  f o r
L ■ 10 .0  i s  l e s s  s t e e p  t h a n  f o r  L -  » .  However, t h i s  p l o t  p o i n t s  up th e
e r r o r  obse rved  f o r  c a s e s  where L ■• «> t h a t  was m en t ioned  i n  S e c t i o n  1 o f
t h i s  c h a p t e r .  T h i s  i s  t h e  e a r l y  b r e a k th r o u g h  f o r  L ■ « .  I t  has  been 
27n o te d  t h a t  f o r  a f a m i ly  o f  c u rv e s  i n  which o n ly  L i s  v a r i e d  t h a t  a l l  
o f  t h e  cu rv e s  i n t e r s e c t  a t  Y -  0 .5 5 .  Here i t  can be s e e n  t h a t  L ■ 1 .0  
and L = 10 .0  i n t e r s e c t  a t  Y * 0 .5 5 .  To s t a n d  in  t h e  p r o p e r  r e l a t i o n s h i p s  
t h e  cu rve  f o r  L ■ ® sh o u ld  s h i f t  to  th e  r i g h t  to  i n t e r s e c t  a t  Y ■ 0 . 5 5 .  
However, t h e  s l o p e  i s  p r o p e r  r e l a t i v e  t o  t h e  o t h e r s  and t h e  computer  
program f o r  L ?= ® w i l l  be used t o  a n a ly z e  t h e  e x p e r i m e n t a l  r e s u l t s .
i
3. E v a l u a t i o n  o f  P a ra m e te r s
F i n a l l y ,  b e f o r e  any m e a n in g fu l  com par ison  o f  t h e o r y  t o  e x p e r im e n t  
can be made i t  i s  n e c e s s a r y  t o  e s t i m a t e  t h e  p r o p e r  v a l u e s  f o r  t h e  param­
e t e r s  o f  t h e  s o l u t i o n .  In  t h e  upper  p a r t  o f  T a b le  X I I  a r e  g iv e n  some o f  
t h e  g e n e r a l  p r o p e r t i e s  o f  th e  sys tem .  I n  th e  lower  p o r t i o n  o f  t h e  t a b l e  
a r e  q u a n t i t i e s  needed t o  e v a l u a t e  t h e  p a r a m e t e r s  f o r  each  ru n .
The a v e r a g e  mass v e l o c i t y  i s  t h e  a v e r a g e  o f  t h e  i n l e t  mass
v e l o c i t y  and th e  v e l o c i t y  t h a t  would e x i s t  i f  t h e  f l u i d  were a t  e q u i ­
l i b r i u m  w i t h  t h e  bed a t  i t s  i n i t i a l  l o a d i n g .  The h e a t  o f  a d s o r p t i o n  
**ADS’ was c a -̂cu ^at:e^ from t h e  e q u i l i b r i u m  d a t a  p l o t t e d  a s  i s o s t e r e s .  
These d a t a  a r e  g iv e n  i n  Appendix  A. The C lap ey ro n  e q u a t i o n  was u se d .
The i s o s t e r e s  were s t r a i g h t  i n d i c a t i n g  th e  i s o s t e r i c  h e a t  o f  a d s o r p t i o n  
was n o t  a f u n c t i o n  o f  t e m p e r a t u r e .  I t  was ,  however ,  a f u n c t i o n  o f  
th e  s o l i d  l o a d i n g  and a v e r a g e  v a l u e s  a r e  g iv e n  i n  T a b le  X I I .  Cg was 
e s t i m a t e d  a t  0 .2 7  B t u . / ( l b . ) ( ° F . ) .  I n  a d d i t i o n  t o  t h e  s p e c i f i c  h e a t  




A d s o rb e n t ,  P i t t s b u r g h  Type BPL A c t i v a t e d  Carbon 
A d s o rb a te ,  Ethane 
C a r r i e r  Gas, N i t ro g e n
P a r t i c l e  D iam eter  (6 -8  U. S. S e i v e ) ,  f t .
3
P a r t i c l e  D e n s i ty ,  l b . ' / f t .
F r a c t i o n a l  Void Volume (mfg. d a ta )
S p e c i f i c  H e a t ,  B t u . / ( l b . ) ( ° F , )
A c t i v a t e d  Carbon 
Ethane (gas )
N i t ro g e n  (gas )
Thermal C o n d u c t i v i t y ,  B t u . / ( h r . ) ( f t . ) ( ° F . ) 
I n s u l a t i o n  
Bed Wall
S p e c i f i c
Run Number 2 3 1
R e y n o ld ' s  Number
D G
Gflv l b . / ( h r . ) ( f t . 2)
HADS* c a ^ * ' 8* n,ole
5.17 6 .81  6 .68















TABLE XII (Con t inued)  
SYSTEM PROPERTIES
Run Number 2 3 4 5
CG, B t u . / ( l b . ) ( ° F ) 0 .2551 0.2557 0 .2523 0.2515
Cs , Btvi, /  ( l b . )  (°F) 0 .27 0 .2 7 0 .2 7 0.27
h a v , B t u . / ( h r . ) ( f t . 3) ( ° F ) 663 761 733 838
v dG’ 3 .28 3 .78 3 .74 4 .44
a ,  f t . / h r 0 .142 0 .163 0 .1594 0 .1 7 6
Ul t  B t u , / ( h r . ) ( f t . 2) ( ° F ) 0 .1 2 8 0 .1 2 9 0 .1 2 8 0.129
I l l*
p r e s e n c e  o f  th e  adso rbed  phase  on th e  s o l i d .  These q u a n t i t i e s  p e rm i t  
c a l c u l a t i n g  the  h e a t  r e l e a s e  te rm,  K^.
The h e i g h t  o f  a h e a t  t r a n s f e r  u n i t
“h e  ’  K T  t * ' 1)
V
was c a l c u l a t e d  by th e  e q u a t i o n  o f  Hougen and M a r s h a l l . ^  The r e s u l t
was used  to  c a l c u l a t e  K^. From i t ,  i t  was p o s s i b l e  t o  e v a l u a t e  the
q u a n t i t y ,  hav , which p e r m i t s  e v a l u a t i n g  K^.
The e q u a t io n  f o r  th e  h e i g h t  o f  a mass t r a n s f e r  u n i t  g iven  by
Hougen and M a r s h a l l ^  was used to  e v a l u a t e  a H ,„ .  S u b s t i t u t i o n  o fv dG
T
av^dG e(lu a t f  on (2 -2 4 )  p e r m i t s  an e s t i m a t e  o f  the  m o d if ied  gas
f i lm  t r a n s f e r  c o e f f i c i e n t  or. S u b s t i t u t i n g  th e  f o l l o w i n g  i n t o  e q u a t io n  
(2 -24)
<yt - y 0) (v -y* )
V ■ \  -  ^y . y * (7 -2 )(w, -w ) . * .i  o (w -w )
p e r m i t s  o b t a i n i n g  th e  e s t i m a t e s  of  O' g iven  in  Table  X I I .  I t  shou ld  
be r e c a l l e d  t h a t  i t  was assumed in  C h ap te r  I I  t h a t  an av e ra g e  v a lu e  
could  be used f o r  or.
Values  o f  t h e  o v e r a l l  c o e f f i c i e n t  f o r  h e a t  l o s s ,  U ^ , a r e  g iven  
i n  Table  X I I .  These o n ly  s e rv ed  as  a s t a r t i n g  p o i n t  i n  e v a l u a t i n g
the  h e a t  l o s s  p a ra m e te r  K,.. To g e t  th e  c o r r e c t  shape o f  th e  b r e a k ­
th rough  c u r v e s ,  i t  was found n e c e s s a r y  t o  use  double  o r  t r i p l e  th e  
v a lu e  in  t h e  t a b l e .  However,  because  U ^ o n ly  ap p ro x im a te s  t h e  h e a t  
l o s s  from t h e  bed and ,  in  p a r t i c u l a r ,  does n o t  acc o u n t  f o r  t h e  u n s te a d y  
s t a t e  h e a t  s i n k  e f f e c t  o f  th e  w a l l ,  t h e  need t o  v a ry  U by a f a c t o r
o f  two o r  t h r e e  i s  n o t  d i s t u r b i n g .
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4 .  T h e o r e t i c a l  A n a l y s i s  of  E x p e r im e n ta l  R e s u l t s
I n i t i a l l y ,  a v a lu e  f o r  t h e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y ,
D, i s  n o t  known. T h e r e f o r e ,  e x p e r i m e n t a l  d a t a  w i l l  f i r s t  be compared 
t o  th e  c a s e s  f o r  L ■* ®. T h i s  c h o ic e  i s  made b ecau se  o f  t h e  a p p a r e n t l y  
s h a rp  b r e a k t h r o u g h  c u rv e s  n o ted  i n  F i g u r e s  10-14 f o r  p l o t s  of  gas  
p h ase  c o n c e n t r a t i o n ,  Y, v e r s u s  t im e .  Comparing F i g u r e s  20 and 21 
shows t h a t  f o r  a  g iv e n  d im e n s i o n l e s s  bed l e n g t h ,  K^, t h e  b r e a k th ro u g h  
c u rv e  i s  l e s s  d i s p e r s e  when L ■ “ .
A s e r i e s  o f  t h r e e  computer  runs  was made u s in g  i n p u t  d a t a  g a t h e r e d  
f o r  Run Number 3. For  a l l  t h r e e  runs  was chosen  as  13 .3 3 .  The
d e f i n i n g  e q u a t i o n  f o r  ih g iv e n  below f o r  r e f e r e n c e :
BL (w.-w )
< 2 ‘ 9 2 )
I t  sh o u ld  be n o te d  t h a t  i f  we a r e  i n t e r e s t e d  i n  a p o i n t  in  th e  bed 
f o r  which th e  bed d e p t h ,  2 , i s  2 .667 f e e t ,  t h e r e  a r e  s e v e r a l  ways 
t h e  c o n d i t i o n s  a t  t h i s  p o i n t  can be o b t a i n e d .  F i r s t ,  Lq can be s e t  
e q u a l  t o  2 .6 6 7 ,  and t h e  c o n d i t i o n s  a t  t h e  o u t l e t ,  Z = 1 , 0 ,  a r e  t h o s e  
o f  i n t e r e s t .  Or can be s e t  e q u a l  t o  5 .3 3 ,  which f o r  a g iv e n  s e t  
o f  c o n d i t i o n s  makes tw ic e  as  l a r g e  and t h e  d e s i r e d  r e s u l t s  a r e
o b t a i n e d  a t  a p o i n t  h a l f  way th ro u g h  th e  bed a t  Z ■= 0 . 5 ,  e t c .  The 
o t h e r  p a r a m e te r s  d ep e n d e n t  on Lq , K^, and can  be h and led  s i m i l a r l y .
depends on w hich ,  f o r  a g iv e n  c h o ic e  o f  and Lq , can be s een  
t o  be f i x e d  by e q u a t i o n  ( 2 -9 2 )  above .
I t  was d e c id e d  t o  e v a l u a t e  t h e  p a r a m e t e r s  i n  terms o f  bed p o s i t i o n
5,  f o r  which  z ■ 2 .667 f e e t .  was chosen  l a r g e  enough t o  p e r m i t  
t h i s  p o i n t  t o  be e v a l u a t e d  a t  Z -  0 . 2 ,  0 . 4 ,  o r  0 . 6 ,  f o r  example .  T h is
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e a s i l y  p e r m i t t e d  o b t a i n i n g  t h e o r e t i c a l  r e s u l t s  f o r  p o i n t s  o n e - h a l f  
o r  one and o n e - h a l f  t im es  as  f a r  i n t o  the  bed.  I n  o t h e r  w o rd s , t h e o ­
r e t i c a l  r e s u l t s  could  be o b ta in e d  f o r  comparison w i th  bed p o s i t i o n  
3 which was 1 .333 f e e t  i n t o  the  bed or  f o r  p o s i t i o n  7 which was 4 . 0  
f e e t  i n t o  th e  bed.
A v a lu e  of  t was s e l e c t e d  f o r  each t h e o r e t i c a l  c a se  t h a t  would o
cause  the  c a l c u l a t e d  and e x p e r im e n ta l  b re a k th ro u g h  cu rves  f o r  p o i n t  
5 t o  c o in c id e  a t  a gas phase  c o n c e n t r a t i o n  of  Y « 0 ,5 5 .  Next ,  va lues  
o f  th e  d im e n s io n le s s  t im e ,  6 ,  c o r r e s p o n d in g  t o  t h e  t h e o r e t i c a l  b r e a k ­
th rough  curves  a t  bed p o s i t i o n s  3, 5,  and 7 were m u l t i p l i e d  by t .
This  p u t  the  t h e o r e t i c a l  r e s u l t s  i n t o  terms o f  th e  t ra n s fo rm ed  t ime 
v a r i a b l e ,  T .  Then p l o t s  were p r e p a re d  of  Y v e r s u s  T f o r  t h e s e  t h r e e  
p o s i t i o n s .  The e x p e r im e n ta l  r e s u l t s  were p l o t t e d  on th e  g raph  f o r  
com par ison .  I n  summary, such a p l o t  r e p r e s e n t s  an e m p i r i c a l  m a tch ing  
o f  bed p o s i t i o n  5 w i th  th e  t h e o r e t i c a l  r e s u l t s .  The c a l c u l a t e d  b r e a k ­
th rough  cu rves  f o r  p o i n t s  3 and 7 a r e  p r e d i c t i o n s  based  on t h e  t h e o ­
r e t i c a l  model where,  in  e f f e c t ,  L i s  th e  on ly  v a r i a b l e .o J
F ig u re  27 shows th e  r e s u l t s  where th e  v a lu e  o f  t  r e q u i r e d  too
match p o i n t  5 was 5 .98 m in u te s .  S u b s t i t u t i o n  o f  a l l  th e  known o r
e s t i m a t e d  v a l u e s  i n t o  e q u a t i o n  (2 -9 2 )  f o r  and s o l v i n g  f o r  t q g iv e s
a v a lu e  o f  t  = 4 . 8 4  m in u te s .  The agreement between the (t  )o o ex p .
r e q u i r e d  to  f i t  th e  d a t a  and ( t c a l c u l a t e d  from e q u a t i o n  (2-92)
i s  a measure  o f  t h e  a c c u ra c y  o f  th e  model o r  th e  d a t a .  For t h i s  case
( T  )  / ( T  )  i s  0 .8 1 1 .  This  d i s c r e p a n c y  w i l l  be d i s c u s s e d  l a t e r ,o t h ,  o exp.  r  *
The f i t  in  F ig u r e  27 i s  good. However,  t h e  c a l c u l a t e d  b r e a k th ro u g h  
cu rves  a r e  s l i g h t l y  s t e e p e r  t h an  th e  e x p e r im e n ta l .
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Run 3
In  F ig u re  28,  d a t a  f o r  run  3 a r e  compared where ( t ) = 8 .9 6o e x p .
2
m in u te s .  R e c a l l i n g  t h a t  «• a /D, i t  can be seen  t h a t  t h i s  c o r ­
responds  t o  a s m a l l e r  v a lu e  o f  th e  e f f e c t i v e  d i f f u s i v i t y ,  D. The 
s lo p e  and shape o f  th e  t h e o r e t i c a l  and e x p e r im e n ta l  cu rves  a r e  s i m i l a r  
a l t h o u g h  t h e r e  i s  more o f f s e t  a t  p o i n t  7 th an  in  F ig u re  26. ( T0) t h   ̂
( T ) i s  0 .81 f o r  t h i s  case  a l s o .O cXp •
Ih e  compar ison  f o r  Run 3 where ( t ) ■ 17.97 m in u te s  i s  showno exp.
in  F ig u re  29. Th is  c o r re sp o n d s  t o  an even lower  v a lu e  f o r  D and the  
t h e o r e t i c a l  b re a k th ro u g h  c u rv e s  a r e  even more d i s p e r s e .  C l e a r l y ,  t h i s  
does n o t  f i t  the  e x p e r im e n ta l  r e s u l t s  as  w e l l  a s  e i t h e r  F ig u re  27 o r  
F ig u re  28. I t  i s  f e l t ,  t h ’a t  F i g u r e  28 ,  where ( TQ) eXp * 8 .9 6  minutes  
i s  th e  b e s t  o f  th e  t h r e e .  The shape o f  t h e  t h e o r e t i c a l  and e x p e r i ­
m en ta l  b r e a k th ro u g h  cu rv e s  a r e  a lm ost  e x a c t l y  th e  same. The p r e d i c t e d  
b r e a k th ro u g h  a t  p o i n t  7 i s  e a r l y  by 2 p e r c e n t ,  b u t  t h i s  i s  q u i t e  good.
Run 4 d a t a  a r e  compared to  t h e o r y  in  F i g u r e s  30 and 31. In  
F ig u re  30, ( t ) * 6 .44  m in u te s .  G e n e r a l l y ,  t h e  p r e d i c t e d  curvesO 6Xp •
a r e  s t e e p e r  than  th e  e x p e r i m e n t a l .  F ig u re  31 g iv e s  th e  r e s u l t s  where
( t ) = 10.97 m in u te s .  The match o f  shapes  ap p e a r s  to  be b e t t e ro exp.
th an  in  F ig u re  30, a l t h o u g h  t h e r e  i s  n o t  much to  choose between them. 
In  F ig u r e  32, d a t a  f o r  Run 5 a r e  compared to  t h e o ry  f o r  (t )O 6Xp *
8 .3  m in u te s .  The c a l c u l a t e d  b r e a k th ro u g h  cu rv es  a p p e a r  to  be s l i g h t l y
s t e e p e r  th a n  th e  t h e o r e t i c a l  i n d i c a t i n g  t h a t  t q shou ld  p o s s i b l y  be
s l i g h t l y  l a r g e r .  F ig u re  33 shows, however,  t h a t  t q should  n o t  be as
l a r g e  as  16.75 m in u te s .  ( t ) . .  / ( t ) f o r  Run 5 i s  a b o u t  0 .7 8 .o t n .  o exp.
A l though  i t  i s  n o t  p roposed  t h a t  t h i s  t h e o r y  be used to  de te rm in e  
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c l e a r l y  shown t h a t  I t  i s  s e n s i t i v e  t o  I t .  T ha t  I s ,  f o r  each  c ase
2
t h e r e  a p p e a r s  t o  be some v a l u e  f o r  t , o r  a /D,  t h a t  b e s t  matches
t h e o r y  to  e x p e r im e n t .  S in c e  D does  n o t  depend on f low r a t e ,
sh o u ld  n o t  e i t h e r .  Thus,  t h e r e  o ugh t  t o  be a v a lu e  f o r  T b e s t  f o ro
a l l  r u n s .  From t h e  t h r e e  runs  examined,  i t  a p p e a r s  t h a t  a v a l u e  o f  
t q ■ 8 m in u te s  I s  a good c h o i c e .  With t h i s  I t  I s  p o s s i b l e  t o  c a l c u ­
l a t e  a  v a l u e  f o r  D.
2
D -  ~  (7 -3 )
o
For an  e s t i m a t e d  p a r t i c l e  r a d i u s  o f  0 .0047  f t . ,  D i s  c a l c u l a t e d  to  be 
2 *0,000166 f t .  / h r .  I t  i s  now p o s s i b l e  t o  o b t a i n  a b e t t e r  e s t i m a t e  f o r  






I d e a l l y  t h e  3n shou ld  be c a l c u l a t e d  f o r  each  v a lu e  o f  L. How­
e v e r ,  f o r  t h e  v a l u e s  o f  t h a t  a r e  a p p l i c a b l e  t h e r e  i s  l i t t l e  r e a l  
d i f f e r e n c e  between the  v a lu e s  o f  L g iv en  above and L =■ 00. R e f e r r i n g  
back  t o  F i g u r e  26 ,  th e  b r e a k th ro u g h  cu rve  f o r  L » i s  o n ly  s l i g h t l y  
s t e e p e r  t h a n  f o r  L ■ 1 0 ,0 ,  The o f f s e t  e r r o r  i s  more s i g n i f i c a n t .
Thus t h e r e  i s  v e r y  l i t t l e  d i f f e r e n c e  between L *> 17,2  and ,  s a y ,  L »
1 9 .4 .  S in ce  t h e  3 were d e te rm in e d  f o r  L -  18 .59  f i r s t ,  t h e s e  v a l u e sn
were used  f o r  a l l  t h e  s u b s e q u e n t  r u n s .  I t  i s  n o t  f e l t  t h a t  t h i s  a p ­
p r o x im a t io n  w i l l  i n t r o d u c e  any e r r o r  a t  a l l .
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F ig u re s  34-37,  show th e  e x p e r im e n ta l  b r e a k th ro u g h  curves p l o t t e d  
w i th  th e  c a l c u l a t e d  curves  f o r  Runs 2 -5 ,  r e s p e c t i v e l y .  Again,  t h e s e  
were a r b i t r a r i l y  matched a t  p o i n t  5.  P o in t  3 and p o i n t  7 r e p r e s e n t  
p r e d i c t i o n s  based on th e  model .  The agreement  between th e o ry  and 
exper im en t  as  concerns  t h e  shape o f  the  b r e a k th ro u g h  curve  i s  e x c e l ­
l e n t .  The r a t i o  of  (T ) . / ( t ) d en o te s  t h e  agreement  between'  o '  t h ,  '  o '  exp.  b
t h e o ry  and p r a c t i c e  i n  g e n e r a l  
th e  d a t a  used t o  c a l c u l a t e  K^.
, o r  more s p e c i f i c a l l y  th e  accu racy  
The r e s u l t s  a r e  summarized below:
Run No. ( T ) o exp, <To) t h . ( t  ) / ( t  ) ____o t h .  o exp.
2 8 .1 6 6 .4 0. 784
3 7.43 6.42 0.865
4 8.31 6 .4 0.770
5 7.85 6 .56 0 .836
A verage  0.814
From t h e s e  d a t a ,  th e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n  o f  th e  r a t i o  i s
0.0441 or  5 .42  p e r c e n t .  Th is  c h a r a c t e r i z e s  th e  agreement  between 
runs  and i n d i c a t e s  the  p o s s i b i l i t y  o f  u s in g  th e  model f o r  e x t r a p o l a ­
t i o n  and s c a l e - u p .  For t h e s e  p u rp o ses  th e  ag reem ent  i s  s a t i s f a c t o r y  
c o n s i d e r i n g  th e  dynamic c h a r a c t e r  o f  th e  d a ta  i n v o lv e d .
The f a c t  t h a t  the  a v e ra g e  agreement  between ( t  ) . and ( t _ ) _ „O till O 6Xp«
i s  on ly  0 .814  i s  n o t  good. I f  th e  model i s  good and th e  s o l u t i o n  
a c c u r a t e ,  th en  t h e r e  must be an e x p l a n a t i o n  f o r  t h i s  d i s a g re e m e n t .
The e x p l a n a t i o n  must be found in  th e  d a t a  used to  c a l c u l a t e  t h e  d i -  
m e n s io n le s s  bed l e n g t h ,  K^. Of t h e  terms t h a t  e n t e r  i n t o  t h i s  p a r a m ­
e t e r ,  8 and Lq a r e  known a c c u r a t e l y .  The b u lk  d e n s i t y  o f  t h e  a d s o r -  
b a t e ,  8 ,  i s  known to  + 0 . 2  p e r c e n t .  Lq i s  a c c u r a t e  t o  w i t h i n  + 0 .4
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p e r c e n t .  The a v e r a g e  v a l u e  o f  G used  I s  p r o b a b l y  w i t h i n  + 3 p e r c e n t  
and i s  more l i k e l y  t o  be low th a n  h ig h  which t e n d s  t o  c a s t  t h e  r e s u l t s  
i n  a more f a v o r a b l e  l i g h t .  Thus ,  none o f  t h e s e  f a c t o r s  o r  a combina­
t i o n  o f  them c o u ld  a c c o u n t  f o r  t h e  20 p e r c e n t  o r d e r  o f  m ag n i tu d e  e r r o r  
t h a t  i s  a p p a r e n t .
The on ly  te rm  n o t  y e t  c o n s id e r e d  i s  (w^“w0 )/(y^**yo ) • B a s i c a l l y  
t h i s  i s  t h e  e q u i l i b r i u m  r e l a t i o n s h i p .  The e q u i l i b r i u m  d a t a  c o r r e l a t e d  
i n  Appendix  A, and used t h r o u g h o u t ,  were  o b t a i n e d  from th e  m a n u f a c t u r e r  
o f  th e  a c t i v a t e d  ca rbon  used .  Using  t h i s  same e q u i l i b r i u m  d a t a ,  w i t h  
e x p e r i m e n t a l  bed t e m p e r a t u r e s ,  e q u i l i b r i u m  t h e o r y  can  be used  to  
c a l c u l a t e  b r e a k th r o u g h  t im e s  a t  p o i n t  5. Comparing t h e s e  t o  e x p e r i ­
m e n ta l  b r e a k th r o u g h  t im e s  a t  Y ■ 0 .5 5  sh o u ld  g iv e  some i n f o r m a t i o n  as  
to  w h e th e r  th e  e q u i l i b r i u m  d a t a  c au se  th e  d i s c r e p a n c y .  U s ing  t h i s
a p p ro a c h  th e  f o l l o w i n g  r e s u l t s  were o b t a i n e d :
B re ak th ro u g h  Time, t> m in u te s  
Run No. E q u i l i b r i u m  E x p e r im e n ta l  R a t i o
2 38 .5  4 8 . 0  0 .8 0 3
3 2 6 .8  32 .6  0 .822
4 35 .2  4 3 .2  0 .808
5 27 .7  3 3 .8  0 .8 2 0
D i r e c t i o n a l l y , and in  o r d e r  o f  m ag n i tu d e ,  t h e  r e s u l t s  above tend  t o
c o n f i rm  t h a t  an  e r r o r  in  t h e  e q u i l i b r i u m  d a t a  i s  t h e  s o u r c e  o f  e r r o r
i n  ( t • Thus ,  i t  would seem t h a t  t h e  model i t s e l f  and t h e  n u m e r i -  '  o t h .  '
c a l  s o l u t i o n  a r e  e s t a b l i s h e d .
A n o th e r  i n d i c a t i o n  o f  th e  a p p l i c a b i l i t y  o f  t h e  model and s o l u t i o n  
t h a t  have been  deve loped  i s  g iv e n  by com par ing  e x p e r i m e n t a l  and t h e o ­
r e t i c a l  t e m p e r a t u r e  waves .  F ig u r e  38 compares e x p e r i m e n t a l  bed tem­
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Run 3. The maximum e x p e r im e n ta l  t e m p e r a tu re  i s  lower  th a n  th e  t h e o ­
r e t i c a l  by about  10 p e r c e n t  a t  p o i n t s  3 and 5, Small  e r r o r s  in  t h e  
h e a t  o£ a d s o r p t i o n ,  th e  s p e c i f i c  h e a t  o f  the  s o l i d  o r  th e  e q u i l i b r i u m  
d a t a  cou ld  ac c o u n t  f o r  t h i s .  I t  i s  a l s o  p o s s i b l e  t h a t  th e  e x p e r im e n ta l  
measurements  a r e  low because  o f  h e a t  l o s s  th ro u g h  the  thermocouple  
w i r e  and h e a t  t r a n s f e r  r e s i s t a n c e  between t h e  bed and th e  therm ocoup le .  
S i g n i f i c a n t l y ,  t h e  shape ,  s t e e p n e s s  o f  a s c e n t ,  and p o s i t i o n  r e l a t i v e  
to  the  t ime a x i s  a r e  th e  same. In  F ig u re  39 th e  same type  i n f o r m a t io n  
i s  p r e s e n t e d  f o r  Run 5. The match o f  e x p e r im e n ta l  r e s u l t s  to  th e  
t h e o r e t i c a l  p r e d i c t i o n  i s  b e t t e r .  I t  shou ld  be because  o f  t h e  lower 
t e m p e r a tu re  r i s e .  I t  i s  f e l t  t h a t  t h e s e  f u r t h e r  compar isons  con f i rm  
th e  u s e f u l n e s s  o f  t h e  model and s o l u t i o n  t h a t  have been  d eve loped .
5. Comments on t h e  Computer S o l u t i o n
I t  was g e n e r a l l y  found n e c e s s a r y  t o  choose  AZ = 0 ,0025 f o r  * 
13 .33 .  I f  were s m a l l e r ,  AZ cou ld  be reduced  p r o p o r t i o n a t e l y .  The 
l a r g e s t  v a lu e  o f  f o r  which t h e  program has  been run  i s  17 .60 .
The Az used f o r  t h i s  c a se  was a l s o  0 .0 0 2 5 .  In  f a c t ,  no s m a l l e r  i n c r e ­
ment has  been used because  com puta t ion  t ime was a l r e a d y  long .  For  
= 13 .33  ru n n in g  t ime on th e  IBM 7040 was abou t  s i x t y  m inu tes  t o  
b r e a k th ro u g h  a t  Y “ 0 .80  o r  Y ■ 0 .9 0  a t  the  bed o u t l e t .  Th is  i s  a 
long  t im e ,  b u t  i t  i s  f e l t  t h a t  th e  use  o f  an  a n a l y t i c a l  s o l u t i o n  f o r  
th e  i n t r a p a r t i c l e  c o n c e n t r a t i o n  has  s i g n i f i c a n t l y  reduced what  would 
o t h e r w i s e  be r e q u i r e d .
The l a r g e s t  f i n i t e  v a lu e  o f  L f o r  which th e  program has  been  run  
i s  L -  18 .59 .  For l a r g e r  v a l u e s ,  t h e  Runge-Kutta  method used a t  
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cou ld  be overcome.
By p r o p e r l y  c h o o s in g  p a r a m e te r s  and I n s e r t i n g  a p p r o p r i a t e  e q u i ­
l i b r i u m  r e l a t i o n s h i p s ,  t h e  programs can  be used  w i t h o u t  change fo r  
l i n e a r  i s o t h e r m s ,  i s o t h e r m a l ,  o r  a d i a b a t i c  o p e r a t i o n .  I s o t h e r m a l  
p ro b le m s ,  however ,  a r e  more e f f i c i e n t l y  s o lv e d  w i t h  programs t h a t  do 
n o t  c o n t a i n  t h e  e n e rg y  b a l a n c e  s o l u t i o n s .
CHAPTER V I I I
CONCLUSIONS AND RECOMMENDATIONS
D uring  th e  c o u r s e  o f  t h i s  r e s e a r c h  p r o j e c t  a m a th e m a t ic a l  model 
has  been d e r iv e d  t o  d e s c r i b e  th e  dynamic b e h a v io r  o f  a f ix e d -b e d  
n o n - i s o t h e r m a l  a d s o r p t i o n  sys tem .  The model in v o lv e s  two r e s i s t a n c e s  
to  mass t r a n s f e r  and a n o n - l i n e a r  i s o th e r m .  The r e s i s t a n c e s  in c lu d e d  
a r e  i n t r a p a r t i c l e  d i f f u s i o n  and e x t e r n a l  gas f i l m  d i f f u s i o n .  The 
former i s  c o n s id e re d  to  be d e s c r i b e d  by an e f f e c t i v e  d l f f u s l v l t y  
which i s  c o n s t a n t ,  and th e  l a t t e r  by a m o d i f ie d  gas f i l m  mass t r a n s f e r  
c o e f f i c i e n t  based  on a s o l i d  phase  d r i v i n g  f o r c e .
The model i t s e l f  u t i l i z e s  an a n a l y t i c a l  s o l u t i o n  to  th e  p a i r  o f  
e q u a t i o n s  d e s c r i b i n g  the  i n t r a p a r t i c l e  and e x t e r n a l  s u r f a c e  f i lm  
m a t e r i a l  b a la n c e  and t r a n s f e r  r a t e  r e l a t i o n s h i p s .  The s e t  o f  eq u a ­
t i o n s  c o n s t i t u t i n g  t h e  model o f  th e  system was so lv ed  n u m e r i c a l ly  on 
an IBM 7040 Computer from a program w r i t t e n  i n  F o r t r a n  IV. The model 
i t s e l f  was a s e t  o f  i n t e g r o - d i f f e r e n t i a l  e q u a t i o n s  c o n t a i n i n g  an i n f i ­
n i t e  s e r i e s .  However,  i n  g e n e r a l ,  i t  was o n ly  n e c e s s a r y  to  e v a l u a t e  
two terms o f  t h e  i n f i n i t e  s e r i e s .  The use  o f  th e  a n a l y t i c a l  s o l u t i o n  
e l i m i n a t e s  th e  need f o r  an i t e r a t i v e  p ro c e d u re  t o  d e te rm in e  concen­
t r a t i o n s  i n  t h e  s o l i d  p h ase .  T h i s ,  d l r e c t i o n a l l y ,  r e d u ce s  computer  
t ime.  Computat ion time f o r  t h e  l o n g e s t  c a s e  a t t e m p te d  was s i x t y  
m in u te s .
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The a c c u r a c y  o£ th e  n u m e r ic a l  s o l u t i o n  f o r  bo th  c o n c e n t r a t i o n  
and t e m p e r a tu re  was e s t a b l i s h e d  by comparing l i m i t i n g  c a s e s  w i th  
a n a l y t i c a l  s o l u t i o n s  a v a i l a b l e  In  the  l i t e r a t u r e .  The w o rs t  c a s e ,  
f o r  L * *>, r e s u l t e d  in  c a l c u l a t e d  b r e a k th ro u g h  t imes  t h a t  v a r i e d  from 
95-97 p e r c e n t  o f  t h e  t r u e  v a l u e .  For  f i n i t e  v a l u e s  o f  L th e  agreem ent  
was n e a r l y  p e r f e c t .  The ene rgy  b a l a n c e  check a l s o  showed v e r y  good 
agreem ent .
E x p e r im en ta l  d a t a ,  i n  th e  form o f  b r e a k th ro u g h  c u r v e s ,  were 
g a th e r e d  from a system u s in g  n i t r o g e n  as  a c a r r i e r  g a s ,  e th a n e  as  the 
a d s o r b a t e ,  and a c t i v a t e d  carbon  as  th e  a d s o r b e n t .  The model was 
shown to  be s e n s i t i v e  t o  changes  in  t h e  i n t r a p a r t i c l e  d i f f u s i v i t y .
A b e s t  v a lu e  o f  th e  c h a r a c t e r i s t i c  t ime o f  t h e  sys tem ,  t , was found 
which a p p l i e d  to  a l l  e x p e r im e n ta l  r u n s .  tq i s  a f u n c t i o n  o f  th e  
p a r t i c l e  d ia m e te r  and th e  e f f e c t i v e  i n t r a p a r t i c l e  d i f f u s i v i t y .  Thus, 
i n  e f f e c t ,  a  d i f f u s i v i t y  was found which a p p l i e d  to  a l l  ru n s  as  ex ­
pec ted  .
I t  was p o s s i b l e  t o  choose  t q t o  a c c u r a t e l y  r e p ro d u c e  the  shape 
and c h a r a c t e r  o f  the  e x p e r im e n ta l  d a t a .  The t h e o r e t i c a l  v a lu e  o f  t q 
was found to  av e rage  81 .4  p e r c e n t  o f  t h e  e x p e r i m e n t a l l y  de te rm ined  
v a lu e .  T h is  d i s c r e p a n c y  was t r a c e d  to  a p r o b a b le  e r r o r  in  t h e  e q u i ­
l i b r i u m  d a t a .  The l a c k  o f  c o n s ta n c y  in  t h e  r a t i o  ( t )_.  / ( t )* o t h .  o exp.
was t ak en  as  a measure  o f  th e  v a r i a b i l i t y  o f  th e  model when a p p l i e d  
t o  e x p e r im e n ta l  runs  a t  d i f f e r e n t  c o n d i t i o n s .  The s t a n d a r d  d e v i a t i o n  
was d e te rm in e d  to  be 5 .42  p e r c e n t .
The v a l i d i t y  o f  th e  a s su m p t io n  t h a t  an a v e ra g e  v a lu e  f o r  t h e  
m od if ied  mass t r a n s f e r  c o e f f i c i e n t  cou ld  be used was n o t  t e s t e d .  As
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i t  t u rn e d  o u t  th e  v a lu e s  o f  th e  p a r a m e te r  L ■ acr/D were h ig h  enough 
t h a t  i n t r a p a r t i c l e  d i f f u s i o n  was th e  c o n t r o l l i n g  r e s i s t a n c e .  N o th in g ,  
however,  I n d i c a t e d  t h a t  t h i s  a s su m p t io n  could  n o t  be made.
As a r e s u l t  o f  t h i s  work, s e v e r a l  a r e a s  f o r  f u t u r e  i n v e s t i g a t i o n  
a r e  s u g g e s t e d .  The n u m e r ic a l  t e c h n i q u e s  can p r o b a b ly  be improved 
and made more e f f i c i e n t ,  For  example, th e  b e h a v io r  o f  the  s o l u t i o n  
as  a f u n c t i o n  o f  t h e  time inc rem en t  s i z e  was n o t  I n v e s t i g a t e d  e x t e n ­
s i v e l y ,  b u t  cou ld  be in  t h e  f u t u r e .  S t u d i e s  shou ld  be performed on 
beds  w i t h  d i f f e r e n t  p a r t i c l e  s i z e s  t o  d e te rm in e  th e  e f f e c t  o f  p a r t i c l e  
s i z e  on th e  c h a r a c t e r i s t i c  t im e ,  x . P ro b ab ly  t h e  most im p o r ta n t  a r e a  
o f  a l l  would be to  i n v e s t i g a t e  sys tem s  where s u r f a c e  f i l m  mass t r a n s ­
f e r  i s  c o n t r o l l i n g  to  d e te rm in e  w h e th e r  an av e ra g e  v a lu e  f o r  th e  modi­
f i e d  f i l m  t r a n s f e r  c o e f f i c i e n t  can be u sed .
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APPENDIX A 
EQUILIBRIUM DATA FOR ETHANE 
AND PITTSBURGH TYPE BPL GRANULAR CARBON
In  S e c t i o n  4 o f  C h a p te r  I I  a  g e n e r a l  approach  to  th e  t r e a t m e n t
of  e q u i l i b r i u m  d a t a  was g iv e n .  Here ,  th e  t r e a t m e n t  o f  t h e  d a t a  f o r
th e  sys tem  s t u d i e d  w i l l  be p r e s e n t e d .
The d a ta  f o r  i s o t h e n q s  o f  e th an e  on P i t t s b u r g h  Type BPL A c t i v a t e d
Carbon a t  t h r e e  t e m p e r a tu re s  which cover  t h e  range  o f  e x p e r im e n ta l
r e s u l t s  a r e  g iv en  below. The d a ta  were t a k en  from an u n p u b l i sh e d
i s o s t e r e  p l o t  s u p p l i e d  by t h e  P i t t s b u r g h  A c t i v a t e d  Carbon Company.
PA, p s i a .
T em p era tu re ,  *F. 70 80 90
w x 102
0 .5 0.051 0.064 0.0795
1 .0 0.173 0.218 0 .2 8 0
1.5 0.355 0.445 0.550
2 .0 0 .61 0 .7 6 0.935
2 .5 0 .94 1.16 1.42
3 .0 1 .30 1.59 1 .95
4 . 0 2 .35 2 .84 3.47
These  d a t a  can be r e p r e s e n t e d  by a  F r e u n d l i c h  I s o th e r m  as  fo l lo w s
lUU
By t a k i n g  th e  n a t u r a l  l o g a r i t h m s  o f  bo th  s i d e s ,  ln (w x 10 ) can be
p l o t t e d  as  s t r a i g h t  l i n e  v e r s u s  p v l t h  an I n t e r c e p t  o f  ln ( k ( T  ) )  andA 0
a s lo p e  o f  n(T ) .  Using a l i n e a r  r e g r e s s i o n  t e c h n iq u e  th e  fo l l o w in g  
8
v a l u e s  were o b ta in e d :  















I t  was e m p e r i c a l l y  d e te rm in e d  t h a t  l n ( k ( T  ) )  and n(T ) were
S 8
s u b s t a n t i a l l y  s t r a i g h t  l i n e s  when p l o t t e d  a g a i n s t  t e m p e r a tu r e .  A rb i -
t r a r i l y ,  th ey  were c o r r e l a t e d  as  a f u n c t i o n  o f  (T -  70) by l i n e a r8
r e g r e s s i o n  as  fo l lo w s :
l n ( k ( T g - 70))
n (Tg - 70)








From t h e s e  r e s u l t s  th e  f o l l o w in g  e x p r e s s i o n s  were o b ta in e d  and used 
f o r  c a l c u l a t i n g  e q u i l i b r i a  between e th a n e  and carbon:
(T - 70)
k(T - 70) -  ( 2 .5 8 3 7 ) (0 .9 8 8 5 7 )








1. S o l u t i o n  f o r  L -  ®.
C A TWO-RESISTANCE MODEL FOR A NON-ISOTHERMAL 
FIXED-BEO ADSORBER WITH A NON-LINEAR ISOTHERM.
L IS INFINITE.
C I MENS ION UET At 2'j ) . Y( 5C-J ) , W< 50..') * TS( 503 > . TGI 5Cu) f
1 WL( SO. )» YLl5 J 0 ) » W S (5 0 J ) f W S L ( 5 C 0 ) »TSL(50u) f
2 TGL (5 30) fMS < 2 3 >,SUMY1< 6,5CG),SUMWl(6,500)  , X( 20) ,
3 ON E MX(20 ) , SIGMAt2C) , MPS(20)  , I T(5uo) , BRA( 2 . ) »
A D(2 0 ) » RRAWI2 0 ) » YSUM! 2 0 ) * WSUM(2C), SIGMAB! 500 ) ,
5 CDF(20)
CALL F PTRAP{-  3)
HFAL MTMP,MPS,MS,K,Kl ,K2,K3f KA,NT,MPl( MP2,MP3 
COUBLE PRECISION DY, F, G♦WI. WO0 , DW, EQUIL 
10J READ l ,ZntLtTOEL»DIMK2f DK3,DKA,OK5,N21,TSi/*TGO,YIf 
1 Yj o .NT,  TOL » MAXIT f DK6
1 FORMAT!6F 10.  u , I 1G/ 6F1G. U, I 1G/ F10 . J )  
IF(ZDEL)2CO,101,101
10 1 W RIT E(6 » 2 ) ZDEL» TDELfDIMK2,DK3f DKA,DK5,TS0,TGU,
1 Y I 1 Y J 0 f D K 6
2 FORMAT! 1H 1 , 3X, AHZDEL, 6X,AHTDEL, 5X » 5HDIMK2,6X,
1 3H0K 3 » 7X, 3HCKA,7X.3HDK5,7X,3HTSj »7X,3HTG0,
2 8X f 2HYIf 7X,3HYO0»7X,3HELLt7X,3HDK6/lXt 12Fl O. 5)
C CLEAR ARRAYS
CO 1.* I=1,NZ1
y m  =0 . 0
W < I )=0 • 0 
CO 11 L = l 1 6 
SUMY 1 ( L ♦ I )=Q.O






10 IT t I ) =0 . 0
CEFINE AND CALCULATE COEFFICIENTS
P=TDEL/2.  o 
PP=DIMK2*ZDEL/2.0 
CZr=DINK2»ZDEL/TDEL 
INC=(NZ1- 11/10  
C W0 = G• j 
CO 7 J L = 1»2j 
S IGMA(L) =6.^
Z=L
X( L ) =EXP(-TD£L*(Z*3. 141592651**2)
C M E M X ( L ) = < l . C - X U  ) ) / 2 . u  
SIGHAB( L J=SIGMA( L ) / ( ( Z*3 . 1 4 1 5 9 2 6 5 ) * * 2 )  




CZ TCWO = DZT*CUG
PPl  = (r)K5 *TDEL ) / 2 . 0
PP2=(DK3*ZDEL)/2.0
NP3 =DK6 *ZDEL/ 2 .G
CM=( 1 . G-MP1 ) / { 1 . 0 +MP1 >
CK=DK4 / ( 1 . 0 +PP1 )
CMM = MPl / (  1 . J +MP1 )
CPM2T=CMM*2.G»TG0 
C M=( 1 . j - M P2- P P 3 ) / C1 . 0+MP2 + KP3)  
CPM=MP2/(1 .0+MP2+MP3)
CPMM=(MP3 / ( 1 . 0 +MP2 +MP3 ) ) * 2 .G*TG0 













HA)  = 2.  58**. . 9  88 57** < A-70. C )
G( A) =0. 54  490  7 + 0 . JG0 51*( A- 7C. C )
WI = F( T SO) *YI * * G{TSo ) 
k ‘j J = F ( TSO )*YCO**G{TSo )
CW-WOG-W I
EOUILIA,B) = ( F( BI * ( OY*A+YI)**G(B)-WI)/0W 
ENTER Wt Y, TS AND TG ALONG ZERO TIME AXIS
t
1 = 1
Y( I ) = 1 . 0
h m o . o
T S < I ) =TS,
TGI I ) =TGG 
CO 21 r = 2 ,NZ1 
W( I ) =0 . c 
Y( I ) = 0 . u 
T S ( I ) =TSO 
Z = I -  1
21 T G( I ) =TSj - ( T S j -TGO) *fcXP( -DK3*Z*ZDEL)
T QAR = G. C
WRITE(6»3)TBAR»IY( I ) f I = 1 , NZ1. I NC) * (W( I ) f I=l »NZl »  
1 INC ) , ITS I I ) , I = 1, NZ1»INC) , (TGI I ) , I=1, NZ1, INC)
3 FORMAT( 1 HC, F7 . 2 , 1 1 F1 G. 5 / 8 X, 1 IF 10*5 / 8 X• 1 IF 1 0 . 2 /
1 8X, H F l v . 2 )
CO 26 1=1 »NZ 1 




CALCULATE W, Yf IS,  AND TG F O R  J*2.
M = 6
cn 31 1 = 1 * NZ1 
Vv L ( I ) = W t I ) 
vL( I )=Y{ I )
T SL C I ) = T S ( I )
TGL( I ) =TG( I )
31 V* SL ( I > =WS ( I ) 
i = 1
TfUR = TBAR + TDEL
Y ( I > = 1 . ij
T G ( I ) = T G j 
T S 0 = T S L ( I )
I T E R = 1 
65 WS0 = EQUIL {Y( I ) ,TSO)
FYT=WSL( I )+WSO 
Vi ( I > =CWO* FYT
TS( I ) =CM*TSL( I > +CK*1W( I ) - WL( I ) >+CMM2T 
I F( ABS( ( TS( 1 ) - TSO) / TS( I ) 1 - 0 . 0 0 1 ) 6 6 , 6 6 , 6 7
67 I TER = I TER +1 
T SQ = TS( I )
GO TO 65
6 6 U S( I )=WSO 
I T ( K ) = I T L R 
CO 33 L=1,NL 
33 SUMW1tL»I )=FYT*ONEMX{L>
CO 34 1 = 2 , N21
V C = Y ( 1-1)
TSO=TS< I-  1 )
v^sn=ws( I-  l >
I TER = 1
68 F Y = W SL( I ) +WSC 
Vi ( I )=CWO*FY
1*49
CFY=F( TSO )»G(TSO)*DY*IDY*YO+YI ) ** ( G ( T SO) -1 . 0 ) /L>W
Y ( I ) = Y j  -  ( Yt 1-1 ) -Y3-DZT*(Hl  I)-WL( I ) ) ) /  ( - 1 .  0-DZTCWODF Y )
I ) = FOUIL < Y{ I ) f TSO>
I F( ABS { ( Y CI) -Y0)✓Y( I ) >-TOL) 7 4 , 7 4 , 7 5
75 I F( ITER-2 ) 7 6 , 7 6 , 74
76 Y0 = Y{ I )
In SO = WS ( I )
IT ER=I TER + 1 
GO TO 68 
74 t* ( I ) =CWO* I WSL U  >+WS< I ) )
71 TS(I)=R*T SL( D + S S * ( W(I)-WL( I ) ) ♦ T*TG( I - 1 ) +U»TS( I- 1 )
1 +V*TGL( I )+UU
I F( A LiS ( t T S( I )-TSO) /  TSt l )  ) - j .  001 ) 7 3 , 7 3 , 7 2
72 ITER=ITER+1 
1S0= TS( I )
Y j = Y ( I }
k SQ = EOUIL<YC,TSO)
GO TO 68
73 I T( I ) = I TE R 
FYL=WSL( I ) +WSL( I - i )
US t 1 ) =wso
TG(I)=DM*TG(I-1)  + D^M*(TS(I -1)+TS(I)  l-i-DMMM 
F Y r =WSL( I ) + W S C I )
FW- WS( I ) + WS( I- 1  )
FWFYl = FW+ FYL 
CO 3 5 L=1 ,NL 
SUMWKL, I ) = F Y T »QNE M X I L )
35 SUMYKL. I )*FWFYL*ONEMX(L)
34 CONTINUE
h R I T E ( 6 , 4 ) TB AR » (Y ( I ) , I =1» NZ1» INC) * ( W ( I ) t  1 =1 , NZ1,
1 I NC) , < TS{ I ) , I =1 » NZ1 , I NC) , ( TG( I ) , I =1 , NZ1 , I NC) ,
2 ( i n n ,  I=1,NZ1,INC)
CALL OUTNOW
150
C CALCULATE W»Y * TS AND TG FOR J GTE 3 
C
K =2 • J 
M  = 6
CO 22 J = 3 » 3 'J 1 
CO 23 1=1,NZ1 
to L{ I ) =W( I )
YL( I ) =Y( I )
TSUI  ) = TS ( I )
TGL( I ) =TG( I )
23 toSH I ) =WS < I )
1 =  1
T BAR = TBAR +TDEL 
Y ( I ) = 1 .0 
T G ( I ) =TGvj 
T SO = T SL ( I )
I TER = 1 
53 toSO = EQUIL(Y( 1 ) ,TSO)
S = o • w1
F W = WSLt I ) +WSC 
CD 2A L = 1 » NL
BRAW(L)=X(L)*SUMW1(L» I ) + FW*ONEMXIL) 
toSUM(L)=MS(L)*(FW-BRAWlL)-SUMWl(L,I)) 
S=S+WSUM(L)
24 to( I) =WL( I ) + S
TS( I ) =CM* TSL( I)+CK*S+CRM2T 
I F< ABS( t T S( I > - TSO) / TS( I ) ) - 0 . 0 0 1 ) 5 1 , 5 1 , 5 0  
53 I F( 1TER-MAXIT)52, 52 , 200  
52 ITE R = IT ER + 1 
TSO=TS(I)
GO TO 53 
51 toS(I)=WSO 
I T { I ) = I T E K 
CO 36 L= 1»NL
151
36 SUMWK L, I )=BRAW(L >
CO 25 1 =2 , NZ1 
Yu = Y ( 1-1)
T SO = T S ( I - l )  
wSO=WS( I -  1)
IT ER = 1
FYL = WSL( I ) +WSL C I - 1>
56 F Y = WSU + WS( I - 1)
FYFYL=FY+ FYL 
CENOM=-l . t
S = J . J
CFY = F i TSO ) *G1TSO)*DY*{DY*YO+YI)**(G(TS0)-1.0) /OW
CO 29 L = 1 , NL
L’fU(L)=X{L>*SUMYl(L,I )+FYFYL*CNEMX(L)
Y SUM ( L ) = MPS ( L ) * {«-F Y + 8RA { L ) )
S = S + YSUM( L )
C( L >=CDF( L) *CFY 
29 CENOM=DENGM+C( L >
Y( I ) = Y J -  ( Y ( I - 1J-YJ + S)/OENOM 
U S( I ) =EQU IH Y( I ) , TSO)
IF( ABS( CY ( 1 ) - Y l ) / Y ( I ) >-TQL)57»57,5A
54 I F( ITER-2 ) 55,  55,  57
55 YJ = Y( I )
WSO=WS(I)
ITER=I TER♦ 1 
CO TO 56
57 SW=0.0
FYT = WS( I ) + WSL( I )
CO 27 L = I , NL
CRAW( L) =X{L ) * SUMW1 <L,I)+FYT»CNEMX(L>
W SUM( L) =MS(L) * ( FYT-BRAW( L)-SUMW1 ( L, I ) )
SW=SW+WSUM[ L)
27 W( I )=WL( I)+SW





IF(AI3S< ( TSU) - TSO>/ T$(  I) ) -$ . OQl  1 5 9 , 5 9 , 5 8
5 8 I TER= I TFF. + l
Tsn=rsm
Y0 = Y ( I )
W S 0 = E Q UIL( Y0,TSO)
GO TO 56
59 IT( I ) = ITE K 
T G ( I ) =L)M* 7 G ( I - l  ) +DMM*( T S ( I - l ) t T S ( I I  >*DMMM 
CO 28 L = 1 »NL 
SUMW1IL,I ) =B R AW{L)
28 SUMY 1 ( L tI  )=BRA{L)
2 5 C UN T INUE
TEST FOR BREAKTHROUGH AT BED OUTLET
*
I F( YI N2 1 ) - C . 8 J ) 6 0 , 6 0 , 6 1
60 I F ' K- N: ) 6 3 , 6 2 , 6 2
62 WRIT£(6»4)TBAR»(Y( I ) f I = 1 , NZ1 * INC)* ( W( I ) »I-1»NZ1,
1 I N C ) t ( T S ( I ) i I = l , N Z l , l N C ) , ( T G ( I ) , I s L, NZl , INC) ,
2 ( IT( I ) , I =1 , NZl , INC )
K=0.u
6 3 K = K + 1.0
C TEST FOR CHANGE CF TIME INCREMENT.
IF( A8S< TB AR- C. 3 0 ) - u . o 0 i ) 6 4 , 6 4 , 2 2  
64 M  = 2
T DE L =3.  1
\T = 1 .0
M=T0EL/2.C
MP1 = IDK5* 7DEL) / 2 . 0
CM={ 1.0-MP1 ) / (  1 .0 + MP1)
CK=DK4/(1 . 0+KP1)
CMM=MPl/( 1.0 + MP1)





L = CMM*DMM/CD 1 
LU=CMM*DMMM/CD1 
V=CMM/CD1 
DO 30 L = 1 i NL 
Z=L
X(L)=EXP{-TDEL*(Z*3.1A159265)**2)
CNfrMX ( L ) = ( 1 .O-XIL ) ) /2.0 
CDF C L )=MP S(L)*(ONE M X (LJ-1.0)
30 M S ( L )=M » S I C M A (L )
22 CONTINUE
61 U RITC(6f4 ) T 8 A R f m i ) fI = lfN Z l , I N C ) , < w m fI = lfNZl,
1 INC ) , { TS i  I ) , I = l,NZi , INC) , ( T G U  ) , I = 1,NZ1, INC) ,
2 ( I T ( I ) fI -1»NZ1»INC)
4 FORMAT!1H t ,F 7.2,11F l u .5/8X,11F10.5/8X,1IF1C.2/
1 8X,llFlo.2/8X,llI10)









2. Solution for Finite Values of L.
C A TWO-RES I STANCE MODEL FOR A NON-1SOTHERMAL 
FIXED-BED ADSORBER WITH A NON-LINEAR ISOTHERM.
L IS FINITE.
CIMtNSlON BETA(2 j ) f Y(5G^) , W(50o) , TS ( 5 0 j ) , TGlSOu),
1 WL( 50L ),YL( 5 j  0 ) » W S ( 50"; ) , WSL( 5uO) , TSL(500)  ,
2 TGL( 5 00 ) »MS(2 ) )„ SUMY1(6,5CG) , SUMWH 6 , 5 0 0 )  , X(2o)  ,
3 ONFMXt 20 ) , S IGMA!2 0 ) ,MPS(20) , I T ! 5 u 0 ) »BRA( 2 0 ) ,
A D( 2 _>) , HRAW! 2C) t Y SUM { 20 ) , WSUM ( 20 ) , SIGMAB! 500) ,
5 C D F ( 2 ‘j )
CALL FPTKAP(-3)
REAL M,MP,MPS,MS,K,K1,K2,K3,K4,NT,MP1,MP2,MP3 
DOUBLE PRECISION DY, F , G, WI, WOO, DW, fcGUIL 
103 READ l ,ZDEL,TDEL,DIMK2,DK3,DK4,DK5,NZl ,TSG,TGu,YI,  
1 YOG,NT, TOLfMAXIT *ELL»(BETA(L)» L*1, 20)  ,DK6,NS1
1 FORMAT!6F lu . C , I 1 J / 6 F 1 0 . 0 , I 1 0 / 7 F 1 U. J / 7 F 1 0 . 0 / 7 F i u . C /  
1 F 1 0 . 0,  I 1 o )
IF!ZDEL)2oG,101, 101  
101 WKITE(6»2)ZUEL,TDEL, DIMK2, DK3, DKA, DK5, TSO, TGO,
1 YI , YGO,ELL,CK6
2 FORMAT! 1H 1 , 3X,AHZDEL,6X,AHTDEL,5X,5HDIMK2,6X,
1 3HDK 3 » 7X ,3HGKA,7X,3HDK5,7X,3HIS0,7X,3HTG0 ,
2 8X, 2HYI, 7X, 3HY00, 7X, 3HELL, 7X, 3HDK6/1X, 12F10. 5)
C CLEAR ARRAYS
cn io 1 = 1 , nz i
Y( I ) =0 . 0  






SUMY 1 tL t I ) =0 . 0 
11 SUMW1 ( L » I ) =0 . 0
10 I T ( I )= 0 . u
CEFINE AMD CALCULATE COEFFICIENTS
N = T D E L / 2 • i 
M P = D I M K 2 * Z D C L / 2 . 0  
CZT = L ) I MK2 * ZDE L/ T UE L 
INC = < N Z 1 - 1 ) /1G 
C w 0 = 0 . v‘
CO 70 L = 1 » N S 1 
S IGMA ( L ) ={ 6.  :*E4_L**2 ) / (  ELL* { ELL-1 .0  ) +BE T A t L ) * *2 ) 
X(L)=EXP(-BETA(L)**2*TDEL)
CNEMXIL) = ( l . v - X ( L ) ) / 2 . 0  
SIv',MAB(L ) =SIGMA(L ) /  ( B E T A ( L ) * * 2 )
CWO = CWO + S IGMAB(L)*ONEMX(L)




f'Pl = (DK5*TDEL>/2.0 
^P2=(DK3*ZDEL)/2.0  
^P3=DK6*Z CEL/2.J  
CM =( l . J - MFX) / (  l . u+MPl )
C K = DK4/ {  1 ,u + MPl)
CMM = MPl/ (  1. J + MP1)
CNM2T = CMM*2.C*T GO
CM=( 1.  ■ i-M P2-M P 3 ) / (  l . ^  + MP2+MP3)
CMM=MP2/{1 .0+MP2+MP3)











CY = Y ,0-YI 
C EOUILIRR1UM RELATIONS
F (A } = 2.58»0.98 857**(A-70.C)
G (A >=0.544907 + 0.000 5 I*(A-70.0)
V% I = F ( TSO) «YI **G( TSO )
W 0 J = F {TSw )*YCO**Gt T S O )
CW=WOO-WI
LQUILIA,B)=(F(8)*(DY*A+YI)•* G (B )- W I )/DW 
ENTER W, Y, TS ANO TG ALONG ZERO TIMt AXIS 
1 = 1
Y { I ) =1 .0 
Y 0 = Y ( I )
R K C = -3•v *ELL*DIMK2*ZDEL 
CO 2 J 1=2,NZI 
K 1 = RKC* E 0 U I L (Y D , T S C )
K2=RKC»E0UIL(Y0+K1/2.0,TSJ)
K 3=RKC*EQUIL(Yj+K2/2 . w , T S 0 )
K4=RKC * E Q U I L (YO+K3,TSO)
Y (I)= Y 0 + ( Kl+2.0»(K2+K3)+K4)/6.0 
ViRITE(A,7 )I»K1,K2»K3»K4,Y( I )
7 FORMAT!IX,I5,4E15.5,F10.5)
CALL OUTNCW
20 Y 0 = Y t I )
CO 21 1=1,NZI 
m i )=0.:
T S ( I )= T Su
21 T G ( I )=TSG-(TSG-TGO)*EXP(-0K3*Z*Z0EL)





WRITEt6,3 1TBAR, ( Y U ) , 1=1, NZI,INC),(Will,1 = 1,NZI, 
1 INC),< TS{ I ) ,1 = 1 , N Z I , I N C ) .(TG(I),I=1,N Z I ,INC)
3 FORMAT! 1HC,F7 . 2 , 1 IF 1v . 5 / 8 X, 1 1 F1 0 . 5 / 8 X, 1 IF 1 0 . 2 /
1 8X, l l F l o . 2 )
CO 26 1 = 1 «N Z 1 
26 fcS< I )=EQUIL(Y( I ) ,T S ( I ) )
CALCULATE W, Y, TS, AND TG FOR J=2.
A L = 6
CU 31 1 = 1,NZI 
hL( i )=W( I )
V L ( I ) = Y ( I )
T S L ( I ) =TS ( I )
TGL( I ) = TC!I )
31 U S L ( I )=WS(I )
1=1
T BAR = T BAR + TDEL
Y I I ) = 1 . 0 
T G ( I )= T 
TSO = T S L ( I )
I T E R = 1
65 KS0=EQUILt Y C I ) ,TSO)
FYT=WSL( I ) + WSO
h i  I )  = CWO*FYT
T S( I ) =CM*TSL( I ) +CK*( W( I ) - WL( I ) ) +CMM2T 
I F(ABS( (TSt I ) - TS O) / TS I I ) 1 - 0 . 0 0 1 ) 6 6 , 6 6 , 6 7  
67 ITERMTER + 1 
T S0 = T S ( I )
GO TO 65
66 HS( 1 ) =WSO
I T i I ) = I T E R 
CO 33 L = 1 ,NL 
33 SUMWltL,I ) = FYT*ONEMX(L)
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CO 34 1 = 2,NZI 
YG = Y ( I-l)
TSO=TS(I-l)
WSO=WSII-l)
I TER = 1 
68 F Y = W S L ( I )+WSC 
in ( i ) =cwo* fy
CFY = F(TSO )*G(TSO)*DY*(DY*YJ+YI)**(G(TS0)-1.0»/0W 
Y(I)=Yj-(Y( I -  1 ) -Y 0-DZT* ( W ( I )-WL( I ) ) ) /  ( - 1 .  J - D Z T C W O D F Y  ) 
^S( I ) = EQU IL ( Y ( I >,T S O )
IF(A H S ( (Y (I>-YC)/Y(I))- T Q L )74,74,75
75 IF( ITER-2 )76,76,74
76 Y0 = Y ( I ) 
hSO=WS ( I >
I TER=ITER + 1 
GO TO 68 
74 I ) = C W 0 * ( W S L ( I) + WS(I ))
71 T S C I ) = R * T S L ( I )+ S S * (W (I) -WL (I )> + T * T G (I - l )+U*TSI 1 - 1 )
1 +V * TGLt I ) +UC
IF(AflS( (TS(I )-TS0)/TStI ) )-0.001)73,73,72
72 ITcR =I TER + 1 
T S 0 = T S t I )
Y: = YI I )
fcS0=EQUlL(Y0,TSO)
GO TO 68
73 IT(I ) = I TE R 
FYL=WSL( I J + WSL t I-l)
V, S ( I ) = W s o
TG( I ) = D M * T G U - 1  ) + DPM* (TS ( I - l ) +TS (I))+DMMM 
FYT=WSL(I ) + W S ( I )
EW=WS(I)+WS(I-l)
FwFYL = FW-*-FYL 
CO 35 L = 1 ,NL 





35 S U M Y 1 ( L » I )=FWFYL*ONEMX(L)
34 CONTINUE
WRITF{6,4)TBAK,(Y([)fI=l,NZl,INC),(W(I),I=l,NZl,
1 INC),(TS (I), 1 = 1,NZI , I N C ) , ( T G U ), I »1,N Z 1, INC),
2 ( I T ( I ) , I=1,NZI,INC)
CALL OUTNCW
CALCULATE W,Y, TS AND TG FOR J GTE 3
K=2. J 
\L = 6
CO 22 J = 3 » 301 
CO 23 1=1,NZI 
W L ( I )= W( I )
YL( I )=Y( [ )
TSL( I ) = T S ( I )




Y ( I ) = 1 .0 
T G ( I) = TGO 
TSO=TSL< I )
ITER = 1 
53 W S0 = E Q U I L (Y ( I ),TSO)
S= 0. J
F W = W S L { I ) +WSC 
CO 24 L = 1 ,NL
6 RA W ( L ) =X {L ) • S UMW I ( L , I )+FW* O N E M X ( L )
W SUM ( L ) =MS( L )*( F W - B R A W U  J-SUMWl (L, 1 ) )
S = S + WSUM< L)
24 W ( I )=W L ( I > + S
T S ( I )=CM*TSL(1>+CK*S + CNM2T
IFtABSl(TS(I)-TSO)/TS(I)>-0.001)51,51,50
50 I F ( I T E R - M A X 1 T >52,52,200 
52 ITER=ITER+1
T SO = T S ( I )
GO TO 53
51 vvs(I >=wsn
I T ( I ) = I T E R 
CO 36 1 = 1 ,NL 
36 S UMW1(L ,I )=BR A W (L )
CO 25 1=2,NZI
Y 0 = Y ( I'l)
T SO = TS( I - 1)
V*SO = W S ( I - l )
I T C R = 1
F Y L = W S L (I >+WSL(I-l)
56 F Y=WS0+WS( l-l)
FYFYL=FY+FYL 
CENQM=-1«0
S ~ j  • \j
C FY = F ( T S O ) »G( TSO)*DY*(OY*YO + Y I ) * * ( G( TSO) - 1 . 0 ) /OW
CO 29 L = 1» NL
I? R A ( L ) ~ X t L )* SUMY1J L ,I ) +FYFYL*ONEMX (I >
Y S U M (L )= M PS(L )*(- F Y + B R A (L ) )
S = S + Y S U M (L )
C (L )= C D F (L )* DFY 
29 CENOM=DENOM+C(L)
Y ( I )= Y 0 - ( Y ( I-lJ-YO+S)/DENOM 
WS( I )= E Q U I L (Y ( I ),TSO)
IF( AflS( (Y (I ) -YO ) / Y ( I > J-TOL) 57,57, 5<V
54 IF t ITER-2 )55f55,57
55 Y0 = Yt I )
W S O = W S ( I )







F YT = W S ( I ) + W S L ( I >
CO 2 7  L = 1 »  NL
l ! R A W ( L ) = X ( L ) » S U M W l ( L ,  I ) + F Y T * O N E M X ( L ) 
W S U M ( L > = M S ( L ) * ( F Y T - B R A W ( L ) - S U M W 1 ( L , I  ) >
S W = S W + W S U M I L )
2 7  M i l ) = W L ( I  >+SW 
I S  < I ) = R * T S L (  I ) + S S * S W + T * T G < I - 1 ) + U * T S ( I - 1> +  V * T G L ( I ) * U U  
I F ( A B S ( ( T S ( I ) - T S O ) / T S ( I ) ) - 0 . u O 1 > 5 9 , 5 9 , 5 8
5 8  I T E R = I  TER +1  
T S O=  T S ( I )
Yy  = Y ( I )
W S 0 = E Q U I L ( Y u , T S O )
GO TO 5 6
5 9  I T ( I ) = I TER  
T G ( I ) = D M*  TG C I - l ) + D N M * ( T S ( I - 1 > + T S ( I ) ) ♦ DMMM 
CO 2 8  L = 1 , N L  
SUMWl( L,I ) =BRAW( L>
2 8  SUMY 1 ( L , I ) = B R A ( L )
2 5  C O N T I N U E
T E S T  FOR D R E A KT HR OU GH AT BED O U T L E T
I F ( Y ( N Z 1 ) —u .  8 'J ) 6' J ,  6  fJ  ,  6 1  
6  J I F ( K - N T > 6 3 , 6 2 , 6 2
6 2  Wi< I T E ( 6  , 4 ) T B A K ,  ( Y (  I ) ,  1 = 1 , N Z I ,  I NC ) » ( W ( I ) » I = 1 » N Z 1 »
1 I N C ) , ( T S ( I ) , 1 = 1 , N Z I , I N C ) , ( T G ( I ) , 1 * 1 , N Z 1 , I N C ) ,
2 ( I T I  I ) , I - l , N Z I , I N C )
K = j • u
6 3  K = K + 1 . 0
C T E S T  FOR C HA N C E  CF T I ME  I N C R E ME N T
I F ( A B S ( T B A R —C * 3 0 ) _ 0 . U 0 1 ) 6 A , 6 4 , 2 2
6 4  NL = 2  
T DE L  = 0 .  1 
N T = 1 •  0
M =T DL L/2 . C
M° l  = ( DK5* 1QEL ) / 2 .  0
C M = ( 1 .  ; j  — M t31 ) /  ( 1 . 0 + M P 1  )
C K = 0 K A/ ( 1  .J+MP1 )
CWM = MPl/ (  1.G+MP1)
CMM2T=CMM«2.o*TG0
C D 1 = 1 . ' - C N M * D M M
K=CM/ C01
s s =c k / coi
T=CMM»()M/CU1
L=CMM*nMM/CUl
U U = C P M * n M P M / C O L
v =cmm/ cdi
CO 3\j L - I * NL
X ( L )=EXP{— BETA{L)**2*TDEL)
CNEMX(L)={1«G“ X { L ) ) / 2 . J  
CDF(L)=MPS(L)*(0NEMX(L)-1.0)
30 M S ( L ) = M*S IGMA( L)
22 CONTINUE
6 1  f c R l T E ( 6 , A ) T b A R , { Y m , I  = l , N Z l f I N C ) f { W ( I ) , I  = l t N Z l ,
1 I N C ) , ( T S ( I ) ? I = l # N Z l , l N C ) , t T G ( I ) , I = l . N Z l , I N C I ,
2 ( IT( I ) . I * 1 , NZI,INC)
A F O R M A T (1HG,F7.2»11F1 j .5/0X,11F1G.5/8X,11F1G*2/
1 BX t l l F l ' j . 2 / 8 X ,  1 1 1 10 )




3. D e f i n i t i o n  o f  I n p u t  Data  


















G enera l  Nomencla ture  
4Z 
48
(1 /4Z)  + 1
yo ( p s i a )  
y^(p3 ia )
Number o f  t ime inc rem en ts  
between p r i n t o u t s .
I t e r a t i o n  t o l e r a n c e .
Maximum number o f  i t e r a t i o n s  
p e r m i t t e d .
Number of  terms in  s e r i e s  
t o  e v a l u a t e  f o r  f i r s t  t ime 




C r o s s - s e c t i o n a l  a r e a  o f  bed,  F t .
P a r t i c l e  r a d i u s ,  F t .
2 3S p e c i f i c  s u r f a c e  o f  s o l i d  a d s o r b e n t ,  F t .  / F t .
2
S p e c i f i c  a r e a  o f  column w a l l ,  F t .  / F t .
Average s p e c i f i c  h e a t  o f  g a s ,  B t u . / ( l b . ) ( ° F . ) .
Average s p e c i f i c  h e a t  o f  s o l i d  and a d so rb ed  p hase  
B t u . / ( l b  . ) ( ° F . ) .
2
E f f e c t i v e  d i f f u s i v i t y ,  F t .  / h r .
P a r t i c l e  d i a m e t e r ,  F t .
2
T o t a l  mass v e l o c i t y  o f  g a s ,  l b . / ( F t .  ) ( h r . ) .
Heat  t r a n s f e r  c o e f f i c i e n t  between f l u i d  and  s o l i d  
B t u , / ( h r . ) ( F t . 2) ( ° F . ) .
Heat o f  a d s o r p t i o n  d e f in e d  as  a p o s i t i v e  q u a n t i t y  
B t u , / l b .  ad so rb ed .
H e ig h t  o f  a h e a t  t r a n s f e r  u n i t ,  F t .
H e igh t  o f  a mass t r a n s f e r  u n i t ,  F t .
C o e f f i c i e n t  o f  t h e  F r e u n d l i c h  I so th e rm .
Mass t r a n s f e r  c o e f f i c i e n t  o f  gas f i l m ,  l b .m o l e s /
165
D im ens ion les s  p a r a m e t e r  d e f i n e d  as  p L ^ w ^ -w ^ ) /
GT0<yt - y 0> •
K„ D lm ens lon less  p a r a m e t e r  d e f i n e d  a s  ha L /GC„.L V 0 O
K. D lm en s lo n le s s  p a r a m e t e r  d e f i n e d  a s  ha t /  C .3 v o s
K, P a ram e te r  d e f i n e d  as  (w -w )H._.,,/C , ®F.4 i  o ADS s ’
D im en s io n le s s  p a r a m e t e r  d e f i n e d  as  U^^L^/GC^A.
L Bed l e n g t h ,  F t .o
M M o lec u la r  w e igh t  o f  t o t a l  gas  s t r e a m ,  l b . / l b .  mole.G
n Exponent qf  th e  F r e u n d l i c h  I so th e rm ,
p^ P a r t i a l  p r e s s u r e  of  a d s o r b a t e ,  p s i a .
q Rate  of  c o n v e c t i v e  f low o f  h e a t .  B t u . / h r .conv.
r  R a d ia l  p o s i t i o n  w i t h i n  a p a r t i c l e ,  F t .
2r  C o r r e l a t i o n  c o e f f i c i e n t  s q u a re d .
R D im ens ion les s  p o s i t i o n  w i t h i n  a p a r t i c l e ,  r / a .
t  Time, h r .
T. Tempera ture  o f  s u r r o u n d i n g s ,  ®F.A
T Gas p hase  t e m p e r a t u r e ,  #F.G
T R e fe re n c e  t e m p e r a t u r e  f o r  e n t h a l p y ,  °F.K
T S o l id  a d s o r b e n t  and a d so rb e d  p hase  t e m p e r a t u r e ,  °F.
O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  b ased  on t h e  i n s i d e
2
a r e a  o f  th e  column,  B t u . / ( h r . ) ( F t .  ) ( * F . ) .
Average a d s o r b a t e  c o n t e n t  o f  s o l i d , l b .  a d s o r b a t e /  
l b .  a d s o r b e n t .
S o l i d  phase  c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i th  y^ ,  
l b .  a d s o r b a t e / l b .  a d s o r b e n t .
I n i t i a l  a d s o r b a t e  c o n t e n t  o f  bed ,  l b .  a d s o r b a t e /  
l b .  a d s o r b e n t .
D lm en s lo n le s s  l o c a l i z e d  a d s o r b a t e  c o n c e n t r a t i o n  of
s o l i d ,  (w/ -w ) / ( w  -w ) .* o i  o
L o c a l i z e d  a d s o r b a t e  c o n t e n t  o f  s o l i d ,  l b .  a d s o r b a t e /
l b .  s o l i d ,  a t  r  and T.
S o l i d  phase  c o n c e n t r a t i o n  in  e q u i l i b r i u m  w i th  t h e  b u lk
gas c o n c e n t r a t i o n ,  y ,  l b .  a d s o r b a t e / l b .  a d s o r b e n t .
D im en s io n le s s  s o l i d  phase  c o n c e n t r a t i o n ,  (w-w ) / ( w -w ) .o t  o
D im en s io n le s s  s o l i d  phase  c o n c e n t r a t i o n  in  e q u i l i b r i u m  
w i th  Y, (w -w ^) / (w^-wq) .
A d so rb a te  c o n c e n t r a t i o n  o f  g as ,  l b .  a d s o r b a t e /  
t o t a l  l b .  gas .
C o n c e n t r a t i o n  o f  a d s o r b a t e  in  the  i n l e t  s t r e a m ,  
l b .  a d s o r b a t e / l b .  gas .
Gas phase  c o n c e n t r a t i o n  in  e q u i l i b r i u m  w i th  wq , 
l b .  a d s o r b a t e / l b .  gas .
Gas phase  c o n c e n t r a t i o n  in  e q u i l i b r i u m  w i th  t h e  s o l i d  
phase  c o n c e n t r a t i o n ,  w , a t  th e  s u r f a c e ,  l b .  a d s o r b a t e /
167
Y DimenBionledS gas phase  c o n c e n t r a t i o n ,  (y*yQ) / ( y ^ - y Q) .
z D is ta n c e  a lo n g  bed,  F t .
Z D lm ens lon less  l e n g t h ,  z /L q ,
ci- M odif ied  gas  f i l m  mass t r a n s f e r  coeff ic ien t  based on
a solid phase driving force, Ft, /hr,
3
3 Bulk d e n s i t y  of  s o l i d ,  l b . / F t .  .
3 P o s i t i v e  r o o t s  o f  3 c o t  3 + L - 1 ■ 0.n n n
Y Defined  a 3 g^G.
G
C F r a c t i o n a l  void  volume.
0 D im ens ion less  t im e ,  t / t  .o
TT T o t a l  p r e s s u r e ,  atm.
^ F lu id  v i s c o s i t y ,  l b . / ( F t . ) ( h r . ) .
3
PG Gas d e n s i t y ,  l b . / F t .
3
Pp P a r t i c l e  d e n s i t y ,  l b , / F t .
t  Transformed t im e ,  h r .
t  C h a r a c t e r i s t i c  t im e ,  h r .o *
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